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- -A-BSTRACT

S.va a e-information relating to cratering and

penetration in metallic targets has been gathered. Impact
of compact -particles, microparticles, and rods at "iormal
and oblique incidence on quasi-infinite targets -nd on thin
targets, multiple spaced targets, and shielded targets3 is
considered. Experimental data -ia-presented in tabular ai-'i-'
graphical form for ready references. Availa' le theories and
semi-empirical theories, as well as empiricai correlin
equations are summariZed in unif-rm j6n= a 4nrncompared
with each other and with the experimental data. For normal
impact ci *quasi-infinite targets -t4w•empiri,,&. correlation
"express cus are deduced which are more generally applicable
than prei'cus expressions. A qualitative description of the
crateiIng process is given, and .. ealistic regions of impact
are -Uei•i•.d Recommendations for future e,::-,!rimental and

* I theoretical work are made.
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"SECTION I

INTRODUCTION

Cratering and penetration of targets by

projectiles travelling at velocities at which the pro-
jectiles suffer severe deformation or breakup has recently

received a great deal of atLention, due to the importance

of this phenomenon in the protection and lethality of

space vehicles and ballistic missiles.

A great deal of experimental data has been
published by a number of laboratories, and considerable
theoretical work has appeared during the last few years.

Limited comparisons of data from one laboratory with that
from another, and of experimental data with theory have

shown some important discrepancies. Considerable confusion

exists because, except in a few instances, the data from
one laboratory are not directly comparable with those from

another, since identical materials, projectile shapes or

velocity ranges were not used. As a result, several more

or less contradictory empirical expressions have been pro-

duced at different laboratories to fit their own data.,

o•ly the lower end of the velocity range of interest in

space applications has been explored experimentally in any
detail, Extrapolations of the various empirical daLa fits
to higher velocities leads to large discrepancies.

Experimental-theoretical comparisons have been
hampered by the fact that on the one hand, target and pro-
jectile material properties appearing ip -he theories have

not been measured or reported by many laboratories, On the

other hand most of the theories are simplified to the point

1



where they may be applicable to only very limited ranges of
velocity and material properties, and the range of applica-
bility of these theories is not clear.

In an attempt to assess the present status of
experimental and theoretical knowledge of impact phenomena,

experimental data published prior to 31 March 1961 was
gathered and checked as far as possible for consistency,
and compared where possible with the available theories.

An attempt was also made to correlate the data on the basis
of simple empirical expressions.

This report is limited to consideration of impact
into metallic targets under conditions such that the projec-
tile suffers severe deformation or breakup in the cratering
process. Data on shaped charge jet penetration has been
excluded since this has been covered adequately elsewhere,,
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SECTION II

EXPERI1NTAL DATA

During the data acquisition phase, thirty-nine

groups active in high velocity impact or in developing nro-

jection techniques were either visited or contacted by

telephone. Not every group had performed cratering experi-

ments. Table I lists the laboratories in possession of

experimental. facilities, together with an indication of the
type of work reported. The bibliography lists most of the

important publications containing information on cratering

Sgenerated at these laboratories.

Several different target configurations have been

used. Most of the data related to configurations shown in

Fir;ig . They may be classified as:

""a) Normal impact on quasi-infinite targets

(b) Oblique impact on quasi-infinite targets

(c) Rod impact on quasi-infinite targets

(d) Impact on single thin targets

(e) Impact on quasi-infinite targets protected by
a thin shield

(f) Impact on multiple spaced thin targets

An attempt has been made to extract the original
measured quantities fur each experimental firing. in some
cases, published reports contained tabulations of measured

quantities.. In many cases, the data was plotted in non-di-

ticnsionai form, and the extraction of the measured quantities

3



required considerable care. In many cases, additional infor-

mation Paa requested, and received from the laboratories

concerned. In a few cases. some difficulty was experienced in

extracting measured quantities due to ambiguities, or exces-

sively small scale data plots, and as a consequence some un-

certainty is connected with the corresponding data,

Material properties for both projectile and target

materials were quoted in the publications in only a few in-

stances0  Some of the data on material properties which were

quoted, were handbook values. In only a few instances were

material properties measured on the actual test specimens.

Where adequate data were missing, additional information -was

requested from the laboratories concerned. In some instances

where no information on material properties was supplied,

average handbook values corresponding to the material speci-

fication were used. In a few instances no detailed material

specifications were supplied, or the material specifications

wcre insufficient to allow reasonably reliable handbook values

to be chosen.

The data are tabulated in the Addendumi.

By far the largest proportion of firings have been
made into targets of quasi-infinite thickness at normal inci-

dence, over 1700 data points having been reported for this

configuraion. The target material-projectile material com-

binations which have been used for this configuration are

shownm in matrix form in Table II.. inserted are the velocity

ranges in feet per second used at the various laboratories.

Data for those material combinations for which sufficient

data points exist are plotted in Vigs.o.2 to i_25. Cratering

in quasi-infinite targets by compact projectiles at normal

incidence is discussed in Section V

4



Only relatively few fir:ings have been conducted
using other projectile-target configurations0  Preseutation
of data and discussion relating to these cases is deferred
to later sections.

'!1
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SECTION III

EXISTING CRATERING AND PENETRATION THEORIES

Several theoretical analyses of high velocity

5 cratering and penetration have been made. These may be con-

veniently divided into four groups in accordance with the

simplifying assumptions involved:

(a) Rigid Projectile, i.e. the projectile is undeformed

during penetration.

(b) Hydrodyn'mic., i-e. the projectile has zero shear

strength. Strength of the target may be neglccted,

or accounted for by a correction factor.

(c) Thermal Penetration, i. e. the material is removed

from the target by melting or vaporization.

(d) Explosive Analogy, i.e. the crater is considered

to be identical to that formed by an equivalent

mass of high explosive detonated in contact with

the surface of the target.

3.1 Rigid Projectile

Several theories in this category refer to penetration

of thin targets by armor-piercing projectiles, and as such are

strictly not applicable here. They are, however, included for

completeness. These include Bethý's theory of penetration of
* 106relatively thick target plates1, later extended to apply to

The numbers appearing in superscript pertain to the references

at the end of the report.

e_ r °__2



relatively thin targets whero the target thickens appreciably

near the hole, 1 6 ,10 7 . Thomson's theory of penetration of
very thin targets which bend out of their plane during pcne-

tration, 108 and Zaid and Paul's theoryI10,111,112,113 for

very thin platcs which petal.

ThrLee oLher theories in this category were proposed

for the penetration of space vehicles by meteoroids, each

assuming that thp projectile remains rigid. Grirnminger 1 1 7

assumed that the projectile was slowed by drag during a "fluid"

phase of the penetration, and estimated the remaining pene-

tration at low velocity with the aid of an empirical armor-

penetration law. Bohn and FuchsI18 assumed a similar "fluid"

drag force, with an additional static force proportional to

the Brinell Hardness of the target. Zaid119,120 considered

a rigid projectile which is separated from the rigid target
by a zone of incompressible fluid composed of both projectile

and target material, which flows radially outwards, eroding the

target to form a crater,

3-1-1 Thick Plate10 aB,6
-_____ lateTaret. _ J3the"

Bethe approached the problem of target, perforation
by finding the work required to expand a. hole to the radius

of the projectile in an infinite plate of thickness T .. For

the thick plate, plane strain is assumed. A first approxi-

mation to the dynamic problem is obtained by using the static

solution, making a subsequent correction for dynamic behavior..

8



L -

The two-dimensional static stress distribution in
an infinite plate is

(2L.

(3-1)

where

r, C

- V) /

is the elastic-plastic boundary, for hole radius b utwhich
satisfies the Tresca yield criterion

U Y (3.2)

or 0 are the radial and circumnferential stress

respectively at radius r , V the -Po sson's ratio for the
target material and Y the yield strength of the target

material In the elastic zone, r 4l r the radial dis-

placement u is given by

9



bp1 5"- -I- 9 P (3.3)

The dynamic equation in the elastic region

... . ___ r(3.4)

is now solved using the static solution as a first approxima-

tion, the radius of the hole during perforation being de-
fined by the ogival shape of the projectile,

o

Vtb : Rn LR 0 < t ý& (3 5)

where R is the projectile radius, L the length of ogive,
and V the projectile velocity assumed constant during per-

foration,. A second approximation to the solution of this

equation is now made using the dynamic boundary condiLions,

in place of the static boundary conditions initially con-

sidered., This effect will be of the relative order V /• _

where

Cr

In order to complete the solution of the problem, it is

necessary to solve the plastiL.,c equation,

S/- (3,.6)

10



where the yield stress Y is considered constant, in which
the earlier static and dynamic elastic solutions are drawn

upon to specify the boundary conditions. In this manner,
neglecting second order terms, the radial stress at the
hole during the ogival penetration is obtained. The total
resistance to penietration calculated for this solution is

R

vi = - 2 2.1 b.o(b) ri

(307)

r Fy6- + 3~.c 25~~; -(~V R

Bethe shows that for Orowan's dynamic yield condition,

Y0 (r /O 0 oj

where N% is the rate of straining, the total resistance

should be calculated with a yield correspordi-n to a rate
of deformation

E777
! ,F YO v- (3°8)

2-G
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3.1.2 Thin Plate Targets, Beth_1 0 6

-TI

During the perforation of a thin plate, the target

is found to thicken appreciably near the hole. However,

since the plate is thin, plane stress Is still assumed. Be-,

cause of this assumption two yield criteria are necessary to

define the plastic zone,

oe-or Y if a. is tensile,

- r = Y if aj? is compressive

or always being compressive. The analysis of the resulting

equations is far more complicated than for the thick-plate

target, Bethe assumed that the dy-namic correct~ion to the.

=-•-•LrL'L• tslltatic solution would be the some as for a thick

plate target,

1^-



G. I. Taylor 1 0 7 has pointed out that the original
thin-plate solution formulated by Bethe did not use the

correct stress-strain relations in the plastic region. He

resolved the equations numerically using the corrected

relations and found that Cie work necessary to expand the

hole statically in the incompressible target material

was

W 133 ir R

The total resistance to penetration is the sum of this

and Bethe's dynamic correction for an ogival projectile,

that is

XV i = .1T i" 33 Y + 0"9728 f - (3 9)

Here the yield stress is taken to be approximately the same

as that for a thick plate., ioeo corresponding to a rate of

deformation

= : ]Vf•/o -K (3. 10)

13



3. 1.o 3 Ve_ hZ .i a etes Tkhomspon107

R

T

Statically it has been found that a hole can be
enlarged syitnetrically without bending the plate until its
diameter is between 7 and 10 times the thickness of the
plate. At about this stage the plate always bends out of
its plane, and the material of the tube shaped crater will
then expand under the influence of a tangetial tension equal
to the yield stress Y , the stress perpendicular to the
plane of the plate being zero, Thomson and others consider
this mode of armor penetration, assuming that the displace-
ment configuration is the same as that under static condi-
tions, but taking into account the heating effect,, However,
Thomson concluded that the energy dissipatiin by heating is
very small compared with the energy dissipated by plastic

14



deformation. This has been substantiated by some experimental

work carried out by Krafft49 at the Naval Res3earch Laboratories.

For these conditions the work done by an ogival
projectile in perforation is found to be

R " 7- + -' -- (3oll)

1711

3o1.o4 -Very Thin TZaid and Paul

_

Zaid and Paul's theory considers the target to

be of incompressible material of zero strength.. In t[he
theory it is assumed that the non-intersected part of

the target remains essentially undeformed, as it is ccn-

sidered that the plastic waves will not have had sufficient

time to radiate any appreciable distance,, The intersected

portion of the target is assumed to take on the shape of the

15



projectile's surface0  Furthermore, since there can be no

tensile force between the projectile and the petals formed,

contact is maintained only as long as the petal momentum is

increasing monotonically, that is, the petals separate from

the projectile., when

S(petal momentum) 0

(petal momentum) • 0

In normal impact the motion is axially symmetric

and the velocity of a particle iLI Lhe plate will be

()zz

d z •÷ ~ z

where z is the coordinate of the plate out oif its plane,

and Z the distance travelled by the projectile at constant

velocity from its initial position of perforation., The axial

momenUtm transferred to the plate is then

£

Pf- d "

0

./zb (3 . 12)

f 7" '/ 9 r cJr

where b is the radius of the deformed portion of the target..

For a truncated pr.ojectile1 1 2 a further term KnimV is added

to the above expression to alilow for the detached mass of the



plate which has the same radius rm as the projectile
meplat (flat nose of the truncated projectile)o K is

an empirical constant with values between 1 and 2,. The
-velocity lost by the projectile will then be given by

Jh
b

.,!m l a ( ) • S -,- -r Pt"j° T V '.•. Y- dt-(3o13)

rri s

for ZV < V

The oblique impact of a truncated conical pro-
S113 .

>1 j ectile was considered in a similar manner Perforation

was considered in four stages:

(i) start of the slug formation, petal element
begins to form,

(ii) slug has been completely formed; petals
conform to the conical profile

(iii) petal formation continues, petal separation
"and

(iv) petal formation has ended, petal separation
well underway.

The accompanying diagram illustrates those phases.

1.7



The decrease in projectile velocity may be
computed from the relation

Momentum transferred to target

m
p

where .V o< V

7/
/

meplat

11

/x IV iii ii ýi

3.1.5 Grimminger ' Theory11 7

Grimminger considered that penetration occurred

in two phases,. During the first, the rigid projectile

moves through the target material, which behaves like a

compressible perfect fluid, exerting a drag force on the

projecttle.. For very high initial projectile Mach numbers

(ratio of velocity to the velocity of plastic deformation

waves) the drag coefficient was assumed to be unity. For

18



a spherical projectile the resultant equation of motion is

3 C11(V' ~ I 1_ r cA
T!. a P 2 V• (3 ° 14 )

"Assuming that this process continues until the

Aprojectile is slowed to a Mach number of 5, the penetration
is

04 1 ft toy- C (3-15)

where c is the velocity of plastic deformation waves.,

Subsequent penetration below a Mach number of 5
was assumed to be given by the empirical armor penetration

formula

J7 (3ý16)

where K is empirically defined as

"Ultimate tensile strength of Target Material
K - 5.03

Ultimate tensile strength of Copper

with units ftr lb.,/fto3 o

The total penetration therefore is

' 3 .J (3.17)

where the speed c of plastic waves was takern as I000 ft,,/sec,,

Grimminger considered that the assumption that

19



target melting could be neglected was reasonable, since he

considered the transfer of momentum to be a more rapid pro-

cess than the transfer of heat, and, therefore, the penetra-

tion would be completed before the full effects of heating

would be felt.

3o1.6 Bohn and Fuchs' Theory 118

Bohn and Fuchs assumed the resistance to projectile

penetration was made up of two parts, a static part
rrR•

and a dynamic part

SV

where H is the Brinell Hardness number for the target, R

the radius of the projectile and f a shape factor asso-.
ciated with the projectile. This shape factor was taken to

be a function of the angle at which a section of the surface

of the projectile is inclined towards the direction. of flight,

defined by

/5n (/

f R (3.18)

where dA is the element of the projectile area perpendicular

to the direction of flight, and 0 the inclinaLion of that

element to that direction., The following values are given,

for micrometeorites f = I

spheres f .a 2/3

pointed projectiles f 1/3

20



The total resistance encountered by the projectile

was then assumed to be

LVy Lrt) V,, (3(19)

This may be i.ixLegrated to find the expression
for the penetration

•' :f W R"• v•m /7_•" v (3-20)S- .

For a spherical projectile

so that

P to. __ f J"> oT ; • " -- i-
•',<• • KtJ--?• (3,.2Ua)

+1+ #

.'

3.1.7 Zaid's Theor, 1 19 '1 2 0

The most recent: theory to estimate penetration

at very high velocity has been postulated by Zaid, He

"assumed that the shock waves in the projectile and target

could not move at high enough vclocity to move away from

the prujectile-target interface, and therefore the pro-

jectile and target could be regarded as rigid, being

2



separated by a tnin layer of material encompassed by the shock

zone which
,b) , was assumed to

(•'I./ be fluid. The

fluid is assumed
Iigid- ) to move radiallv

ad-Vdcnces eroding

I • rojeltil / ? as the projectile

Fluidl zone,---- the target to form
the crater° iner-

Rigid _ tial expansion of

Target the crater is neg-

- zlected.

The further

asr•umptions neces-

sary to obtain an

equation of motion were (a) the thickness of the fluid zone

is a constant independent of radial position, (b) at radial

distances greater than the projectile radius, the dispelled

particles do not interact with the material in the fluid

zone, so that the fluid pressure at the outer radius of the

cylindrical fluid zone is essentially zero, (c) the fluid-zone

thickness is small compa•red with the penetrated distance, and

to the radius of the projectile., which is assumed to be cylin.-

drica!.

From these assumptions, the following equation

of motion is obtained

R FI,

• • •ot , . . . ý - T 0 3.21)

r r-

2.2



where p is the penetration of the projectile, () repre-
sents differentiation with respect to time, h is the fluid
zone thickness, Tu the shear at the projectile-fluid zone
interface, and K an averaging factor which is the product
of two averaging factors, i,,e,, the averaging factor for the
pressure gradient dr/dr over the height h of the fluid
zone, and the ratio of pressure in the fluid to that at the
projectile-fluid zone interface,, Solution of the equation
depends on assuming relations for the interface shear and the
"zone growth. The penetration depends strongly on the assump-
tions'made, and satisfactory solutions have so far not been
given. Further details are given in Appendix A.

3. Rydronamic

Birkhoff et a.1 2 2 suggested that since pressures
generated in high-velocity iinpact are so much g-eater than
the shear strengths of the projectile and target, the shear
strengths might be neglected and the projectile and target
treated as inviscid fluids. Under this assumption, the

resistance to penetration arises entirely from the inertial

forces required to accelerate the target. material. Theories
fj based on this assumption, therefore, have been termed hydro-

dynamic theories.,

SThe innst detailed eolution is that of Bjork128

who integrated the two-dimensional equations of motion of
a cupr i " - fluid., ... . h *tropte

equation of state of the solid material. using numerical
methods. Analytical solutions of the nonlinear equations
could not be obtained,

2



Solutions may be obtained more simply if the

additional assumption is made that the material is incom-

pressible. Opik121 used a simplified theory of this type,

including a correction term for target strength.

Further simplifications arise if only the longi-

tudinal portion of Lhe mutiou is considered, and the pro-

jectile is regarded as a segment of a fluid jet impinging

on a fluid target, eog. Birkhoff et a11 2 2 and Pack et al 2 3 o

For these theories', motion continues only as long as the
jet continues to impinge on the target, and inertial expan-

sion of the target after dissipation of the jet is neglected0

One would expect, therefore, that these theories would give
only approximate agreement for very high velocity projectiles
of relatively great length compared with diameter, eog.
shaped charge jets or slender rods. Theories of this type
have been used nevertheless to estimate penetration by

short projectiles.

3.2.1 BJ ork's Theory128

In this approach to cratering of a target by a

high-velocity projectile, the behavior of the material is
described by an entropic equation of state that relates thu

internal energy, pressure, and specific volume, but neglecs
the shear strength of the material. The problem solved by

Bjork was for a cylindrical projectile impacting normally
on a semi-infinite target. The equations of motion are

V _%V4

r v

'24



JP .p . ,e , P ,vV.• (3.22)

P _.pe)

where v is the fluid velocity vector, P the pressure,
e the internal energy, P the density of both the target

and projectile, and t the 4ime measured from the time of
initial contact. The equations specify an iniLial value

oil problem for which the initial conditions are t -, P P 0,
e = 0 everywhere, the initial velocity in the target every-

where zero, and the initial velocity V of the projectile
normal to the target surface,.

Equations uf state of solids under hydrodynamic
conditions are available from work at Los Alamos and else-

where137-151 for pressures up to several megabars, aud

from the Fermi-Thormas-Dirac theory for much higher pres-
surcs. A numerical solution was obtained by means of a

high speed digital computer. The machine representation

is fairly rough, since a total space mesh of 25 by 25 cells

was used. However, the main features of penetration are
displayed quite clearly.

Bjork's theoretical resultý3 are fitted approxi-

mately by

- k V (13.23)

where = ( L) (3,.24)

is considered as the representative dimension of the projectile.

25



3.2.2 Opik t s Theory12 J.124

The first theory put foiward on cratering by
meteoroids was given by Opik in 1936., In this theory, an

allowance is made for the yield strength of the target
material.

_ _ / . _ _ J,

VI

A cylindrical projectile (Lid = 1) of radius R , density Pp

mass mp, and velocity V impacts a semi.- infinite target of
density Pt ' The projectile is considered to be incompres-

sible, and its shape to be defined after time t by p , the

penetration below the original surface, and r the radius of
the crater occupied by the pL'ojectile., where

'I I 3 f' 2 irr' P- (3 r25)

Here p is the depth of the center of gravity of the deformed
. ........ ...... . .. ,face. The momentum equation

then gives

11. C / (3.26)
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where P is the pressure at the base of the crater which
resists penetration. Applying Bernoulli's therem

P K f (3.27)

where k is the strength factor of the target, iLe. it is

the minimum pressure for penetration to occur. Similarly
for the radial expansion,

P r + k (3o28)

Opik relates P and P' by applying Bernoulli's
equation in the frame of reference moving with velocity j)

P -- P P "2 (3,.29)

Since the flow in this frame of reference is not steady,

this procedure can at best be only a crude approximation..

The differential equntiott resulting from the
elimination of the pressure terms from equations 3.25

to 3.29 is solved subject to the initial conditions,

t 0 0, r , R, p = 0, Op V - Detailb of the integration
are given in Appendix B.

3°2..3 Shaped Charge Jet PenetranLion

122
Several investigators (Birkhoff et al

Cooki25, Pack et a 123) have proposed similar incompres-
sible theories to explain the penetration produced by a
shaped-charge jet, However, cylindrical or shpeii.cai pro-

in this theory both the jet: and target material are regarded

27



as incompressible fluids. The flow, wthcn viewed from a
frame of refcerence moving with the velocity of the jet-target

interface v , is considered to be steady. Applying Bernoulli's

R1IY
V V

equation along the axis of symmetry, the stagnation pressure

is given by

= /(3.30)

Originally, the strength of the material was

neglected in comparison with the high pressures produced

by the impacting jet. Rostoker12 4 included the target
strength in this equation by including a factor k

2.• v 2 = J- p ( - v (3.31)

where k is the target's dynamic strength.b F.irhv1hpr-r12 4

writes this in the form

k (3,.32)
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where v0  is the minimum velocity of the jet that will

just cause a crater to form in the target.

For a jet moving at constant velocity V and

of density pp and finite length L , most of the pene-
Ip

tration is considered to take place during tlhe steady part

of the motion, so that penetration p is approximately

f j v t (3.33)

where tI is the total. time elapsed from the time that

the jet first struck tho target,

, ~4. + _
v

Hence

SL •, , •-' •.3. 34,)
1L

For a jet of high velocity, such that V.,> vo

_ . (3,35)

which would have been obtained directly from equnfion 3.30,

which disregards the strength ou tWe LaLgVLo

Pack et J.1123 r'wide i corr-ctlo for Vhn eff4f-t

of strength by considering the penetration as a series of

29



Powers of the aondimensional parameter y/p V 2, the firstpowerp

approximation being

- -- i(3.36)

where Y is the dynamic yield stress of the target, and a

is an empirical func'tion of the densities of the jet and

of the terget. For armor, the correction term alY!/PpV2 was

found to be as high as 0.3.

As has beMn pointed out earlier, this theory does

not consider the in Irtial expansion of the crater after the

jet ceases to ivapin,!ýe on Lhe targeL. Ia their expeziilents
with shaped charge jets, Pack et a1 1 2 3 found that the shape
at the bottom of the crater was roughly hemispherical with

radius equal to that of the hole made by the jet,. They
reasoned that if the previous pressure which suddenly ceased
to apply after the jet had been used up, was uniformly dis-
tributed over the bottom of the hole, the latter expanding

freely adopted a hemispherical shape. Pack eL al therefore
modified the expression for the penetration to

Jr .. .--- / -

1. , "~ ( v (3,.i7)

where r is the radius of the holp made by the jet,.

Cook 1 2 5 has extended the theory to estimate the

radius of the hole made by the jet.. He a.R9umed that the

L-11 1! , L.- , '. '64:U UaE ji ilL Lilt- id CLeLJ.

expansion of the hole., ie..

:L~=(~p~&+ ~ -~ (3.38)
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where R is the radius of the jet, and r that of the
crater. The final cross-sectional area will be given when

C) , i.e.

Eliminating v by means of Eq. (3.30), the radius of the
hole is

p~l[ = -__ -(3ý39)

3.3 Thermal Penetration

In the thermal penetration theories that have
been formulated, penetration is assumed to take place by
melting or vaporization of the target by the projectile
as its energy is dissipated.

3.3.1 Whipple 's Theory 1 2 9

Whipple assumes that the crateer formed by melting
is a right-circular cone for which the total apex angle is

600, Assuming that all of the initial kinetic energy is
converted into heat, the depth of penetration is simply

where Qt is the heat required to remove a unit mass of

31



the target material, here takeu to be the latent heat to

fusion. For an equivalent spherical projectile mp . P e
'6 Pe

so thaL

/3
(i (3.4Oa)

3-3.2 Langton's Theory 1 3 0

Langton's theory is similar to that given by Whipple

since in this case also, the energy of the projectile is

assumed to be converted into heat. Four possible cases are

considered,

(a) The projectile vulociLy is such that neither the

proj ectile nor target. melt

(b) The projectile is melted but the target is not

(c) The target is welted but the projectile is not

(d) Both projectile and .target melt

Penetration would only occur for cases (c) and (d).

A hemispherical crater is assumed to be formed., Case (d)

results in the equation

* V -z(3-411)

n 4%.r;- 0, L-i 1J t:!~ %. L. ULMI.A. Uii~jz. U . t AL 6U CA*. .J.LL

projectile material respectively, necessary to raise the

LwpoeraLure ot the matezial to the melting point., and to

supply the latent heat. of fusion Thus, the penetration is

12



given by J't

I

For an equivalent spherical projectile this becomes:!
P ! .•l) '( ...V' '•I (3.42a)

3.3•3 Grow's TheorX 1

A similar theory has been developed by Grow for

the energy lost by a projectile in perforat~ing a. thin

target. The projectile was assumed not to melt or deform,

but a hole equal in diameter to the projectile was assumed

to be fnr•-•_A -- he targe. by melting.. Denoting the exit

Veloity by V., the result.ing empression is

S.... (v ~ . fp, ' ,. 6Q" W" P (3-43)

where T is the target, t'hickness and R the projectile
radius.. Here QL is taken to be the energy per unit mass
required to raise the temper:ature of the target to the

melting point .vnd qupply the latent heat of fusion, but
Qp is taken tn ho the energy per unit mass necessary to
p

raise tLhe P'r. IeC i. A IL2..i, iL .U A,•U u'

projectile not. being as!,_uned to melt, Grow further asurned

that the last. term could be approximate by kV , varying
from zero for the xrelocity at which negligible deformation

,¶-r to nI moxiunIM 0 for Lhe velocity at which the



Projectile shatters.,

The theory may be readily extended to cratering
in thick targets where no perforation occurs and the exit

velocity is zero. The penetration will then equal T , ioeo

--- - -(3°44)

For an equivalent spherical projectile, this becomes

I - 2- (3.44a)

4 3 Q+ +

3.3.4 Lavrent •yev's Theory.1 3 2

Lavrent'yev considers two cases of thermal

penetration, a rod target and a hemispherical plate target,
both being of incompressible material., The analysis is

idealized by consideri.ng the medii to be made up of a set
of infinitesimally-thin layers which impact inelastically,
and for which the energy dissipation distribution is evaluated.

If the density of this distribut-ion is greater than the amount
required to vaporize the material, a crater will be formed.,

The first case considers a plate. depth L., of

initial velocity V impacting upon a rod of the same
material and cross-section,. If a total length z of material

.34



is set in motion at time t , the conservation of
momenCt'uim gives

0 ov V-V 4 z 0 (3.45)

which on integration for the initial condition z = L

v - V, yields

The kinetic energy is given by

E L

or differentiating

which by Eq. (3.45) becomes

Assuming that all the kinetic energy is converted into
heat, itsdistribution along the rod will be

If the heat density necessary to vapourise the material
i~ 0 . hen a length

L ) (- & (3,46)62

35



will be vapourised, this length including the length
of the projectile. A similar analysis was given assuming

spherical synzetry for a hemispherical plate projectile.

3.4 Explosive Analogy

Several investigatorv, Baldwin, Rinehart93 and
Stanyukovitch 1 3 3'1 3 4 have proposed that crater formation due
to high velocity impact is similar to crater formation by
high explosives. Allison115 has given a review of Lhis
subject, illustrating the similarity of craters formed in
lead targets by a projectile with a kinetic energy of 9.23 x 103

Joules, and by a tetryl charge with an explosive energy of

63 x 103 Joules°

3 A4 1 Stanyukovitch' s Th 133,134

Stanyukovitch considers the phenomenon of
cratering to be similar for bofh the high velocity impact
and an explosion. The pressure on the front of the shock

wave caused by'either the explosion or impact, drops sharply
with increasing distance from the point of initiationr and

the mechanism of cratering changes from vaporization, to
melting and pulverization of the material This ceases
when the energy density at the shock front becomes less
than a certain value. H1owever, the evaporated and finely
Lriagniented material expands, And has an effect, similar to

an explosion,

The equivalent mass uo explosive is determi.ned
by the relation

7 ___- (3,,47)

,36



i1 where mn is Lhe wass of the equivalent explosive maFterial,

Sthe explosive efficiency, and Q the energy/unit mass
of explosiVe,

The approach used by Stanyukovit:ch for estimating
the radius of the crater is empirical. See Appendix C
for a more detailed account of hia analysis.

~1

1
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SECTION IV

EMPIRICAL RELATIONS

I
Due to the lack of adequate theories, many

attempts have been made to correlate experimental cratering

data with the aid of empirical expressions. Many of these

correlations have been based on simple functions of inde-

pendent quantities, such as

= LVJSU pk V

where m , and V are the independent variables projec-

tile mass and velocity, respectively.

Other cor).-elations have been attempted using
i non-dimensional parameters, so thatl the constants to be

fitted empirically are non-dimensional

More refined correlation schemes have been

evolved by assuming some type of resistance law based on

the physical phenomena conisidered to be dominant. The

resultant equations contain non-dimensional constants which

are then fitted to the data.

In order to gafi perspective, the low velocity

armor penetration work is included first in the following

discussion. After presenting the high velocity correlation

equations, a general discu ',n of dimensional analysis of

the cratering problem is given, and the important parameters

based on elementary static material properties are discussed.
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4.1 Early Armor Penetration Work

The study of ballistic penetration is generally
considered to have begun with the work of the English

ballistician. Robins 1 0 9 (1742) whose ideas were elaborated

a few years later by Euier!0 9 b both in theory and experi-

ment,

In armor penetration, the object has been to

estimate the limiting velocity, i.e.o the minimum velocity of

a projectile necessary to perforate the target completely.

This was done by assuming a law of penetration based on the

physical phenomena assumed to predominate, solving the

ensuing equation, and fitting th.e resulting expression to

experimental data with suitable constants. Most of the

laws postulated are variations of the formi

V M T R (4.1)

where VL is the limiting perforation velocity,

T the thickness of th-e t.ar.get.

M the weight of the projectile

R the radius of the projectil e

and k a constant.

_ , 10.5
In the theory postulated by Robins' the resis-

tance to penetration was taken to be constan:.L hence

2 V

leading to

-k T F -
40(42)
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Euler evaluated k from experiments on elm wood

and earth.

Workers at the Naval Research Laboratory1 0 5

modified this equation in order to allow for free surface

effects. The idea involvcd is that the material near the

free surface is more easily pushed aside than material near

the plate center line. This is taken into account by sub-,

tracting from the plate thickness an amount proportional

Ij' ~ to R Thus,

f 2 ir k R (T- R) 1 (4.33)

Ponce]o.t (1829) 105,109 published a theory which

combined the Euler-Robins type resisting force with a force

proportional to the square of the velocity. This was pro-

posed for application to materials weak enough so that their

inertial resistance to motion is significant. The constant

. force k is interpreted as the pressure necessary to break

the cohesion of the target 0 Thus, the resistance is ex-

pressed by

which leads to the differential equation

V V- k F t 'v" R

where p is the distance penetrated into the target,. The

Integration of this equation yields
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PI

•- I . tC c ('c- P.... -~ (4 4)

a is empirically found to be not far from 1/2.

In 1945 Roberson and Irwin1 0 5 worked out a similar
expression in which account was taken of the target cohesive

resistance, the inertial resistance, and the free-surface

effects. They presented an equation in the form

(4°5)

They also took into account the increase of projectile cross-
sectional area due to projectile deformation in the high-velo-
city range. The value of the area was obtained by measuring

the diameter of the projectile after deformation.. They

found that the radius of the projectile could be expressed

empirically as

R ~ + A, (4ýý6)

for impact velocities greater than 2,500 ft/seco

Early experimental work1 0 4 showed that the force
required to perforate a plate varied approximately as the
plate thickness if the diameter is constant, and as the

these assumptions, the force is proportional. to TR, con-

sequently, the work done to perforate the plate is proportional



I to T2R Hence

VL k (4.7)

Even over a restricted velocity range it was found that

there is a variation in the proportionality constant.
1.04

1 For cast-iron shot on wrought iron plate, Fairbairn0 (1861)

derived

T R (4.8)

where T and R are in inches, m in pounds and VL in
I ... ft/seco P

On the assumption that in high velocity penetra-
tion the force required is propostional to TR/V, Tresidder 104

obtained for the perforation of wrought iron

4 ,Y.i 9

where log k - 3.0473, for T and R inches, m in

pounds, and VL in ft/sec0  The Krupps04 expression for

wrought iron is

(4.,10)

where log k 3.1397., whilc De Marre"' postulated

VT k (4,11)
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where log k - 3.1874, for the same material.

104
A later expression adopted by Krupps for hard

faced plates is

V,= k Ra (4.12)

where log k = 3.3271. And for ordinary steel. De Marre 1 0 4

modified his wrought iron expression to

V. = k (4,,13)
r"P

where log k - 3.23522. In order to correlate the resistance

of various targets of the same thickn'ess, the "De Marre

coefficient" was adopted. This is the ratio between the vel-

ocity calculated from the limiting velocity expression for

ordinary steel.

About 1930, Robert Kent10 put int-o use a sli.ghtly

modified version of the De Marre expression. This relation

is

TF "'4 f :

VL = (4,.14)

and has been used extensively for armor perforation and pene-
tration work. At about the sarme time, L..TE., Thompson1 0 5 at

Dahigren introduced the expression

, ./ (4 15)
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where 0 is the angle of obliquity of the projectile's

path to the plate normal. This expression has been used

extensively by the Naval authorities for the design of

ship armor plating.

The above expressions are all applicable to
plate penetration where the projectile is essentially intact

after penetration, but are of no use at higher velocities

where the projectile disintegrates.
I

4.2 High Velocity Penetration Work

In order to correlate the experimental data on

penetration depths and volumes of craters formed in high-

velocity impact, numerous empirical expressions have been

proposed, Some of the most widely used expressions are

listed in Table III, together with condiiions for which

the constants were evaluated.

One of the earliest and most frequently used
93

assumptions was put forward by Rinehart and Pearson

They assumed that the crater volume was proportional to

the projectile kinetic energy, If, in addition, it is

assumed that the crater shape does not change with velocity,

then taking the crater volume proportional to the projectile

kinetic energy leads to an expression of the form

k '(416)
where is pa__V

where p is th. e=pth of penetration, d the diameter of

Uh projectile, mp the projectile mass, and V the pro-

jectile velocity.
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On the other hand Pugh and Eichelberger- found

that the crater depth was proportional to the projectile

momentum, leading to an expression of the form

S(4.17)

Several other equations have been put forward. The

De Marre formula for plates has been adapted for use with

semi-infinite targets at low velocities of impact. If the

plate thickness is regarded to be the penetration depth

corresponding to the limiting velocity, the following exprcs-

sioni results

k o (4.18)

Partridge et a1 6 6 proposed that the craLer volume for lead

to lead impact could be represented by the equation

. e- p k E)(k (4,,19)L J

where Vc is the crater volume, Vp the volume of the pro-

icctilc, and E the projectile kinctic energy.

All the equations as they have been written above

require a different empirical constant for different projec-

tile.-target material combinations. The next step, therefore,

was to relate the constants to material properties in order

to obtain a more general correlation,, Huth'8 in examining

impact data for projectiles and targets of similar mateiial

proposed a possible dimensionless relationship of the form
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where ct was the sonic velocity in the target, Qt
the energy necessary to melt or vaporize a unit mass of
the target material, and ) the thermal diffusivity. He

found that his data correlated best on the basis of V/Zt
where ct is the longitudinal bar velocity of sound.
The velocity range in which the tests were carried out
was 0oi< (V/ce) < .0O In this range the terms V2/Qt
and Vd/K were found to be insignificant. He also con-
eluded that the crater voiuce was not precisely propor=

tional to either the energy or the mumentum of the pro-

jectile6

On the other hand van Valkenburg et al 1 found
that the volune-energy relation could be correlated for
nonalloy metals using P and ct " that is

Ell (4.20)

The equation reduces, on assuming

where D is the diameter of the mouth of crater, which
in this case is taken to be a section of a sphere, to

(4,21

for V c:

Van. Valkenburg et al measured crater dimensiens
to the top of the projectile material r..ia-ining in the crater,.
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The paramcter (V/c) has subsequently been used

quite extensively, various experimenters finding different

exponents to fit their own data. Charters et a128 added

a term consisting of the ratio of projectile to target

densitv to account for a variety of projectile materials

finding that data in lead and copper targets were best

fitted by

Several other groups used this expression or expressions

based on these parameters, eog. at Poulter Laboratories

and CARDE.

Partridge et al71 and Collins et a1 3 5 on the

other hand noted that their data seemed to be best fitted

by the first power of velocity. The Langley investigators

theorized that penetration might be proportional to the

momentum per unit presented area of the projectile,

k' (p V -L (4.23)

where k. is the momentum per unit area below which no per-

manent deformation of the target was observed.. They further

found that the proportionality constant was a function of the

projectile density and modulus of elasticity of the target,

finding that their data could be fitted by the expression

,)09 6 _( VL - ) (4,24)

X+ 8
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Apart from Collins and Kinard's expression,
none of those mentioned so far have included a term which

allows for either the target or projectile strength.,

144Pugh and Eichelberger first introduced the

effect of target strength through the use of the Brinell

H•-,rd••. number. They found that the onstant ini the ex-

pression

could be reduced for various target materials by the

SBrinell Hardness nunber and the density, and found that

experimental data for several materials could be corre-

4• lated by

p -- '1- (4.25)

6 Experimenters at the Ballistic Research Labor-

atory subsequently noted that the energy per unit volume

tended to become constant as the velocity increased, and

found that this constant could be correlated roughly with

Brinell Hardness nunber.. Assuniing a constant crater shape,
1 this leads to an expression of the form

:p Y= =(4.26)

A similar expression is also in use at the Naval Research

Laboratory., 52

Engel40 introduced the yield strength as a

,4 correction term to the equation which assumes penetration



proportional to the projectile velocity. The equation was

of the form

~k, V-(4.27)

the yield being included in the last term. KI was developed

by considering the movement of a cylindrical core of material

through the targct plate undei thie area. of contact involved

during the collision-. This cylinder is restrained laterally,

but is assumed to be free to move in the direction of the

impact for the time taken by a stress wave to m'ake a round trip

through the projectile, ioe. 2d/c o For an elastic colli.-

sion, this cylindrical core within the target will traversp

a depth

Ci. j, -V cpfr c

C pPp and ctPt being the acoustic impedances of the pro-

jectile and target materials, respectively. Experimental

data for a number of target materials impacted by mercury

and water drops indicated the need for a correction factor

of 316, Thus, the equation is

2. =z 7- 2- (4.28)

The intercept of this equation with the velocity
axis represents the Impact speed below which no indentation

would occur, This speed appeared to be a function of the
target strength., Engel found that it could be accounted for
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by the dimensionless prodtict

IL

yielding the final equation
.i4

where k 136.8 and Y is the dynamic yield strength

of the target. Note that the targeLs used for the evaluation

of k! and k 2 had thicknesscs of between 1.5 times and 5
times the diameter of the impinging projectile, the back of

the target being unsupported.

4A3 Dimensional Analysis

In carrying out a dimensional analysis of the

high-velociLy cratering problem, the main difficulty lies in

distinguishing the main features of the phenomena, and defining

appropriate physical quantities describing the beha~vior of the

materials involved.

The geometric quantities of importance are:

d relevant dimension of the projectile

p relevant dimension of the crater

V projectile velocity relative to the target

ýf angle of incidence of projectile on the

target surface

T target thickness, or other relevant target

dimension.
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Where projectiles of different shapes are involved,

the relevant projectile dimension is not obvious. Several
investigators have used different systems. Shaped charge jet

penetration has been correlated on the basis of the length of

the jet. SJUILUIers and Charters27 simii-ai1y used the length
of the projectile in the direction of initial projectile

motion,, Others have in effect used the cube root of the

mass, to define an equivalent diameter

fr -- 3  
(4.3O)

Where spheres and cylinders only are compared,
the diameter of an equivalent sphere of mass equal to that

of the cylinder has sometimes been used i.e.

Where d is the cylinder diameter and L its

length., Bjork 1 2 8 used arbitrarily

de=(dýL (4..32)'

to compare his theory for cylindrical projectiles with experi-

ments conducted with spherical projectiles. I

As long as the crater shape remains identical as

other paramneters are varied, the crater size may be repre-
sented by a single parameter Throughout the range explored

experimentally, however, the crater shape varies from a cylin-
drical cavity of the same diameter as the projectile at very

low velocities, to an almost hemispherical crater at the
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highest velocities examined, Of prime importance in

practice is the penetration, or depth of crater, and

this parameter has been used most in empirical correlations

of cratering in thick targets- Other parameters of interest
are the crater volume, and diameter of the crater in the

plane of the original surface.

Quantities describing the relevant material

properties are not so straightforward. Cratering involves

shock compression of the materials to very high pressures.
possibly accompanied by melting or vaporization. Subsequent
motion involves both extremely high stresses and strain

rates. The final phase of the motion has been shown to

involve elastic springback of the crater,.7

Parameters describing the behavior of solids under

very high stresses and strain rates have not been adequately

formulated. Equations of state of solids under extremely

high pressures have received considerable attention recently,

From the work of the group at Los Alamos137-151 and else-

where, it appears that the shock Hugoniot may be described

adequately by only two parameters in addition to the density

at zero pressure. For a number of metals, one parameter co-

incides with the adiabatic sound speed., The physical inter-

pretation of the other parameter is not clear, but it appears
to be related to the change of compressibility with pressure.

The parameters necessary to define the strength of
the material are also not clear. The conventional engineer-

ing stress-strain properties are not related in a simple way

to the stress-strain properties of the material under complex

combined stresses at high strain rates. Nevertheless, draw-

ing on properties which are defined under static conditions,

one has the relevant elastic modulus G and yield stress Y
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in addition there would be quantities describing the strain
hardening and strain rate behavior.

One quantity which has been widely measured, but
which is difficult to relate to other physical properties,
is the indentation hardness. Its ease of measurement to-

gether with the fact that the process of pushing a ball or
pyramid into a solid surface is suggestive of the cratering

process has nevertheless led to its use in empirical expres-

sionso The Brinell Hardness number H is strictly defined
as the load used divided by the surface area of the indent.a-

tion produced by a spherical stylus, and thus has dimensions
of a stress, with units kilograms per square millimeter.

Not all of these elementary material properties

are independent. For example, the sound speed is related
to the density and relevant elastic modulus,.

There appears to be a relation between Brinell

Hardness and yield stress, In Fig .. , j Bri-l.1 -r de -s
been plotted versus yield stress for a number of representa-

tive target materials, and it is seen that Brinell Hardness
is roughly proportional to yield stress, at least. within
the scatter usually associated with empirical correlations.

Using the independent elementary material properties

P , c , and H together with the geometric quantities allows

the following dimensionless parameters to be formed.

i-) /Penetration ratio

)3 ' Density ratio



•i •(i) Mach number

•5 rn (•2) Best number

The last. parameter appears frequently in one

or another of its equivalent forms in both the empirical and

theoretical cratering equations, and it appears appropriate

Fm to give it a name. Following a suggestion of Dr. John S,,

Rinehart, it is proposed here to call this the Best number,

after the French ballistician Best. Between 1835 and 1845
the French carried out a series of experiments to measure

the velocity of fragments by putting hollow cannon balls

loaded with powder into a well and detonating them. At

the bottom of the well was a 1 1/2 foot layer of damp clay.

They measured the volume of the holes made in the clay by

the fragments. In order to calibrate the clay, they fired

a pistol into the clay alongside the fragment hole.. Knowing

the velocity of the pistol ball, and its mass, and the volume

of the hole produced together with the fragment mass and its

hole volume, the fragment velocity could be calculated by

assuming that the cratering efficiency remained constant..

The cratering efficiency is defined as the crater

volume divided by the kinetic energy of the projectile.. It

has been noted in some experiments that the cratering effi-

ciency is proportional to target hardness., Under this

assumption

E55
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or rearranging, by noting that the crater volume is proportional

to the cube of a linear dimension of the crater if the crater

shape remains constant,

Sd3V;

kP-

Thus, it appears partic'!larly apt to apply the

name Best number to the parameter (PV 2).

If melting or vaporization are considered important.,

then the relevant quanhity will be the energy to melt or

vaporize unit mass of material. This will be related to

specific and latent heat. Although melting or vaporization

are a result of shock heating, and may be considered to

occur at some time during the high-pressure phase of the
motion, the material is finally ejected at ambient (zero)

pressure. and thus the energy carried away by melted or

vaporized material may be described by zero pressure data

on specific and latent heats..

If the energy necessary to sublimate or melt unit

mass of material is denoted by Q , an additional non-dimen-

sional parameter may be formed., i..e

(Q§) Thermal paramet~er

1t is not possible at this time to form other

dimensionless parameters based on compressibility, strain
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hardening. or strain rate effects, since suitable material

properties have not been adequately defined0

Examining the various empirical and theoretical

equations, it may be seen that the equation5 which are

dimensionally correct can be reduced to relations between

the dimensionless parameters presented above.

-It is evident that the density ratio (Pp/Pt) and

Math number (V/ct) have been used in numerous empirical
exprescionso

By noting that

the expressiovi used atB,• ORL and NRL Eq. (4,.26) may be

reduced to

- ¢. ' (4.33)

LhOus involving the Best number, while Pugh and Eiehelberger's 1

expression, Eq. (4.25), is very nearly equivalent to

~• (4.34)

except for the exponent in Brinell. Hardness0 .

The expression used by Engel 40, Eq° (4,29), in-
volves a variation of the Best nuiber., It may be written

P k, - i~~i) - k(#/ (Ye)

i " ft' (4,35)
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In Collins and Kinard's 3 expression, Eq. (4.2•4)

Ppv, V L k b) (4036)

the constants are evidently not dimensionless. Terms of the

form

S_ __5 V

are involved.

By rewriting Bohn and Fuchs' 1 1 8 theoretical expression,
Eq. (3,.21), slightly, it may be seen that they also use the Best

niuber,

- H k
(4.37)

it will be remembered that shaped charge jet pene-

ration results, Eq, (3,,.36) were extensively correlated with

the use of Lhe Best number, i.e..

_ o _ (4,.38)
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While no empirical fits have been previously
attempted using~thermal quantities, the thermal penetration

theories (Section 3.3) all involve, only the parameters

-t.QJt

S4°4 Comparison of Theories and Empirical ixpressions on

the Basis of Resistance to Penetration

Some of the penetration theories and empirical

expressions were devised by either deducing or assuming the

dependence of the force resisting penetration on the physical

parameters, and solving the resultant equation of motion

" " tI = - IF. (4.38)

"where F is the resistance force.

It is very interesting to compare these theories

and empirical expressions on the basis of the resistance to

penetration which they implicitly assume. For those empiri-
4 cal expressions which were not derived by assuming the form

of the expression for the resistance, F may be obtained

simply by differentiating the expression for penetration.

4.4,,1 Resistance Independent of VelociL

velocity, and simply dependent on the presented area of the
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projectile,

F~ k ci.Z=.•pV
V (4.39)

which is equivalent to the Euler-Robins penetration law,

Eq. (4-2). Adding a constant to allow for free surface
effects yields the INWL expression, Eq., (4,,3)>

=jt (4°40)

If free surface effects are taken into account
by assuming that the resistance depends on the depth of

penetration,

k- pi = (4°41)

which is equivalent to the expression introduced by Fairbairn,
Eq., (4,.8),. Assiming a stronger dependence of resistance on

depth of penetration
P P ' 1 " / ý3

k.p"•" " h ýF = °"V (4o42)

which is the exprcs-,ion propoqed by R .n -. ., Eq.. (1 ,,6),

and which is in use at the Naval Research Laboratory and the
Ballistics Research Laboratory, Eq. (4,26) A slight varia-

tion yields

-"q = K ?, V (4-43)
J 1,

which may be recognized as the expression introduced by

Charters, Eq. (4°22)
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4.4.2 Resistance Dependent on Velocity

If the resistance is assumed to be directly

proportional to velocity,

f~ k(CLV Kpt .P (4.44)

An expression of this type, with the addition of a constant

to allow for a minimum velocity to produce finite penetration

has been used by Kinard and Collirs, Eq. (4.24), and by

Engel, Eq. (4.28). By allowing for an increase of resistance

with penetration depth

F ,'v P" Kfr (4,,45)

"which is the expression proposed by Pugh and Eichelberger,

Eq. (4.17).

Expressions in effect assuming an inverse depen-

dence on velocity are the Tresidder equation, Eq. (4.9)..

F T - p V (4.46)

and the DeMarre expression, Eq., (4.13).

F--- k n V t (4.47)
ii Jr

It may be noted that all. the expressions in this

Ssubsection may also be derived by assuming resistance inde-

pendent of velocity, but dependent on some power of the
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expressions also imply

PCt P R f, VF= k fp - =, V (4A48)

Pugh and Eichelberger's expression implies

r- k P S, P• V'1
= k d'3 ? A. (4,,49)

Tresidder's equation yields

f- I (- ' 1K . V (4 50)

and the DeMarre expression yields
I-- , ( '~p/ - ./< V l

I/k ,• V 3Z
F ,• ( fp (4,53.)

4.4.3 Resistance Dependent on Inertia

If the resistatLce is assumed to be proportional
to the inertia forces exerted by the target, the resistance

force may be written

F (4.52)

in tni.s case incegraLion of the equation of iuuLlun

3< vj , c.,p (4.,53)
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leads to the expression

P k- V (4.54)

which is the form of expression used by Grimminger, Eq. (3°17).

If the resistance is assumed to be proportional to an inertia
term, and a term independent of velocity to allow for material

strength, the resistance becomes

F= k, (4.55)

This is exactly the type of resistance term found

A• in the armor penetration theories of Bethe, and Thomson,

(Section 3.1), who derived their results by solving the

dynamic elastic-plastic equations of motion of the target,,

Their resistance expressions are of the form

F <, k' ( Y k VX) (4,.56)

See Eq. (3,.7), Eq. (3.9) and Eq,. (3,.11). Substiluting the

more convenient Brinell hardness for the yield strength,

since these have been shown to be roughly proportional, the

equation of motion becomes

v k. ~ V) (4,57)

When intcgrated this yields the equation

+k VI) ~ 9 (4 58)
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Bohn and Fuchs (Section 3.1.6) assumed a resistance

force of the form

F = ÷, . ( fi/' + (4.59)

Integration of the equation of motion then led to Eq. (3.20)

__ = ...... 1 ., 1I

2 ) . .' -t I/ ______,,1 (47 60)

4.4.4 Discussion

It may be seen from the above, that the penetration

laws in use may be divided into two general categories. In

the fiirst, the assumption is made that the resistance varies

with some power of the distance from the surface. This

assumption then leads to a penetration law of the general

form

'4 Pr (4.,,61.)

If the resistance is assumed to increase more rapidly with

iucrceasing distance from the surface (higher power of p

the resultant velocity exponent n decreases.

In the second category, the resistance is assumed

to be due to the inertia of the target, and therefore propor-

tional to v The resultant dependence of penetration on
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velocity is logarithmic. When a resistance term
independent of velocity is included, the resultant

equation has some very interesting properties, see

Eq. (4o58)o Alo. velocities, the contribution of the

strength term is dominant, iLe. in the neighborhood

However, as the velocity increases, the strength term

4 becomes increasingly less important, so that at

Eq. (4.63) becomes very nearly

Loj (W-~ (62)
) - k-

It is clear that the strength term now enters

as a constant correction, much in the- way that It was

included in Grimminger's theory,. Not until

will the effect of strength become negligible,,

it may also be noted that the logariLhmic function

exhibits a decreasing slope with increasing velocity,. In

I order to ocr Ih~ 1p-,j~i f 1,,~4 r.,4 f- 1,-.
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simple power law, Eq. (4ý58) has been plotted on log-log

paper in Fig.4oz denoting Pt/k 2 Ht = a . In this way
the slope of the cuzve will correspond to the exponent n

in the expression p - kVn .

It is seen that the slope decreases from about 2

at oV = 0.3 to 1/6 at dV - 100 o The slope is approxi-

mately 2/3 in the range 3 < aV< 6 Eqo (4°54) and Eq. (4.60)

are also plotted in Figo4o2, the curves having been adjusted

to coincide at aV = 4 , ioe. in the velocity range where the

curves are approximated by p - kV29/ 3  C rimminger's form

Eq0 (4.54) agrees well with the previous curve at higher

velocities, but departs drastically at lower velocities. How-

ever Bohn and Fuchs' expression Eq. (4.60) agrees very well
at lower velocities, but departs at higher velocities, the

slope decreasing more slowly, and approximating 1/3 in the

range 20 ,- aV < 200

TUC is possible to deduce approximate velocity

ranges over which the curves of Fig.4.2 may be approxi-
mated by p - kVP for different values of n , for a
typical target material. For aluminum targets for example,

it is obsexved that penetration follows the law p = kV2 3

above about 10,000 ft,!'ee_ The curves of Fig. 4;2 first

show agreement with this law aL about aV = 3 Thus a

may be approximately evaluated, and corresponding velocity

ranges found,

These are shown in the tn'ble..
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Approximate Velocity Ranges in ft/seco

in which Penetration May be Approximate by p, kVn

'i ~ velocity

Exponent n Eq. (4.54) Eq. (4o58) Eq. (4.60)

V'2  4,000 - 6,000 1200 1200

V4 " 3  6,000 - 10,000 2,000 - 6,000 2,000 - 6,000

V 7,500 12,000 5,000 - 10,000 5,000 - 10,000

v 2/ 3  10,000 - 20,000 10.000 - 20,000 10,000 - 35,000

v"'3  30,000 - 200,000 30.,000 - 200,000 60,000 - 300,000

v v/ 6  600,000 600,000 106
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SECTION V

NORMAL IMPACT ON QUASI-INFINITE TARGETS

This section will be devoted to a discussion of

the applicability of the theories presented in Section III

and the empirical relationships presented in Section IV to
cratering in quasi-iniinite targets by projectiles striking

the target at normal incidence. The cratering process is an

extremely complex one, involving many different types of

materialbehavior. It is therefore necessary to first give

a description of the cratering process. The applicable
theories are then compared to the appropriate experimental

data and the fits of empirical expressions discussed in

Section IV to the data are then examined.

5.1 Description of Phenomena

Several excellent studies of cratering by high
velocity projectiles have recently been carried out in

which high speed photography, X-radiography and other

techniques were used to make active observations of pheno-

mena accompanying the penetration process. When taken

"together with post mortem observations of the crater and

adjacent m.aterial, and intprpreted in the light of present

knowledge of the behaviour of solids under high pressures,

a fairly detailed qualitative understanding of the physical

phenomena involved in cratering can be gained. Several
descriptions of these phenomena have recently been given.7,8128
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At the instant of first contact of the projectile

with the target, local conditions at the projectile-target

interface may be estimated by one-dimensional shock theory.

Such theories both for very high pressures, and for low

stresses, have recently received a great deal of atten ion. 1 3 7 to 151

The Hugoniot relations for the shock proceeding into the

target and the shock receeding back into the projectile

determine the initial shock velocities and interface velo-

city and pressure. (See Appendix D.) Interface pressures

and veloeities calculated on this basis, and for the acoustic

approximation, iLe. neglecting the change of compressibility

with pressure of the materials,, are plotted as a function of

projectile velocity in Fig. 5 ia and b for several common

materials, It may be noted that the acoustic approximation

leads to very large errors at even modest velocities,,

The shock receeding into the oncoming projectile

will actually be carried below the original target surface

'when the initial projectile -velocity exceeds the velocity

of the shock wave generated in the projectile. 'The criti-

cal velocity, above which the shock in the projectile is

carried below the original target surface, is a function

of the densities atid compressibilities of the projectile

and target materials, see Appendix D., Critical velocities

"for several common material combinations are shown below,,

Minimum Projectile Velocities for the Shock to

Move Below the Original Target Surface

P r o j e c t iJ].ie -....... A l C u P b

Al 43 73 79
Cu 22 37 38

Pb 12 20 21

vcioir. ics, :in thousands or ).eet per second
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The initially one-dimensional motion is of course
localised around the nose of the projectile, and is almost

immediately altered by the geometry of the subsequent motion.

Nevertheless the above considerations are useful for esti-

mating maximun pressures, temperatures and shock velocities

resulting from the impact.

At low impact velocities of a few thousand
feet per second, initial interface pressures are of the

order of the dynamic yield strengths of typical materials,
as may be seen from Fig. 5.1a. It is therefore clear that
the motion will be strongly influenzied by material strength.

In cases where the projectile strength is much

greater than the target strength, as in the impact of a

hard copper projectile on a soft lead target, the pro-
jectile may suffer only minor deformation at low impact

velocities, and an almost cylindrical crater of diameter

equal to that of the projectile is formed by a process of
.x• dynamic plastic deformation of the target material. As

the initial projectile velocity increases, the projectile

suffers increasing plastic deformation. The inertia effects

also lead to increased radial motion of the target material,
so that the resultant crater is of increasingly greater

diameter than the original projectile diameter, until a

velocity is reached where the inertia effects predominate,
and an almost henispherical crater is formed.

When the proipev'il.e qb hittle, A dePqrtir• a rnni

the above behaviour is observed. The shock wave receeding

into the projectile on reflection at the free surtaces of
the projectile may lead to stress concentrations which are

sufficient to cause brittle fracture at velocities where
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very little plastic deformation of the projectile occurs,,

Tungsten carbide and hardened steel projectiles exhibit

this type of behaviour. just: above the velocity necessary

to cause projectile fracturel, the projectile is observed

to break Into several large fragments. The presented area.

of the fragments is considerably greater than that of the

unbroken projectile, and a reduction of penetration may

result,,, although the crater volume continues to increase..

At inerea~sed vell'iflrnq fth. rrm--f-rtile suffers Increasing

fragmentation., and the penetration again increases. Finally,
when inertin. effects predominate, a nearly hemispherical

crater again results..

These effects are illustrated in Fig., 5..2 which

shows craters formed by lead, copper and hardened steel

spheres in soft lead targets at several identical initial

projectile velociri~es,. Figure 5.3 shows the penetrat~ion as

a unction oi velocilty for typical duct3-le project~ile be.-

havi our., while Fig.. 5.4 shows the penetration as a function

of velocit~y ter typical br-ittle ProjectiAle behaviour..

Three regions of i~mpac~t are commonly defi~ned:--

a) Low VPIeooity region in. which the projectile sufiers
only mi-inor delorniat~ion, and which hlas also been termed the

armor penetrati-or regio-n or undetormed pxojectil'e region,

b) trransition region,, c) 'high velocity region where nearly

hemispherica~l craters are formed,, and which has also been

termed the hypervelocity region, or the "Iluid impact."

regikn,. from the fact that Inertia effects predominate..

It is interest~ing t~o note that the penetration

app~ears to be neatl'y proportional to the 4/3 power of
veiotity in the low vTelocit~y region,, while the penetration
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is approximately proportional to the 2/3 power of velocity

in the high velocity region, in the case of ductile pro-

jectiles, the high and low velocity regions are connected

by a smooth curve in the transition region. Brittle pro-

jectiles show an extended low velocity region with the drop

in penetration, discussed previously, in the transition

region.

At high impact velocities, the initial pressures

are very much greater than the dynamic yield strengths of

the materials, as may be seen from Fig. 5.la, and the

strength of the materials may well be neglected at early

stages of the cratering process. The projectile and target

materials are in fact observed to flow very much like fluids

in this region. For example, hemispherical craters areI
often observed to be plated with a thin layer of projectile
material, Fig . 5.5. At still higher velocities all the pro-

jectile material apparently ilows out of the crater.

As the projectile approaches the target, the

projectile and target surfaces will generally meet at
a small angle. High velocity collision oi. suriaces at small

angles leads to the phenomenon o jetting144 material being

expelled along the bisector of the angle between the surtaces
at considerably higher velocities than the closing velocity

of the surfaces. The expelled particles may move with
sutiicient velocity so that ablation occurs and the ablated

material burns it air is present. The resultant lumino-

o ALL . 4. A.L.L.. LU L.. 40~&.. AJ.J. LA..iý Qii. ~ 1 1.kka, 80,83•84 4 85
has been studied in some detail by Grow et a. 8,• 4

Cook77,81 has photographically observed areas interpreted

to be clouds of metal vapour emanating from the impact area,

which very likely are due to the same mechanism.
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As the projectile continues to move into the

target,, the shock wave in the target precedes the projectile'-

target interface. Rarefactions from the free surface of the

target and projectile modify the shock system.. and the shoick

rapidly becomes nearly hemi spherical. High speed framing

camera sequences ot penetration in transparent plastics

(Fig. 5..6) aid I'as~h X-radiographs sequences of penetratijo-n

in mnetallic. targets (Fig. 5.7) clearly show this behiaviour..

At the target" surface rdjacent to the projectile, the
high pressure target material is unsupported and is forced
out of the crater to form a spray.. Several tine X,-radio--
graphs and high speed framing camera sequences of the spray
have been made., (Fig. 5.8).. It is clear that. a large pro-
portio-n of the matetial originally i~n the crater is expelled
in the spray,, which moves at relatively low velocitie~i

Nwumerical solution of the differential equations
ot niof ion of an invi scid fluid., with appropriate equation
of state, show shock and rarefaction systems closely re-
sembling those obser~vedi experiiuentally., and cons iderably
clarify the u~nderstanding ot the cratering process,. Results
obtained by B,jorkl 8  In the form ot pressure contours
and veoc-ify 'vectors for the impact of a cylindrical pro--
Jec'tiile on a setn1-intfinite target- are. showin in Fig. 5..9
and 5,10.. (It: ihould be noted that. the numerical method
uses an, -,Xtit1.ca1 viscosity t-erm to -render the solution
continuous.,, and shockfs are theyrefore s3meared over a finite
distance iinstead of appeaxririg as discontinuities., The

shocks are smeared ov'er a tairily large distance in Bjork's
solution since a r'ather coarse finite~ditfetence space
mnesh was used for reas;ons of. conputer time -economy.)
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Figure 5.9 shows results for the impact of an irlon projectile

on an iron target at 18,000 ft/seco The shock in the projec-
tile is seen to rise above the origina. surface of the target.

Figure 5.10 shows results for the impact of an iron projectile
on rock (tuff) at 100,000 ft/sec0  The shock in the projectile
is carried below the original surface of the target , and the
resultant differences in the flow pattern can be seen when
compared to Fig. 5.9.

If the shock in the pxojectile is carried below
the original surface of the target. the projectile material
which has not yet been reached by the shock is carried well
below the target surface, and one may expect much greater

penetration. On the other hand, if the shock in the pro-
.4 *jectile receeds above the target surface, the sides of the

shock zone in the projectile are unsupported,, and increased
lateral flow may be expected, with consequent shallower
craters. In an extreme case, such as the impact of nylon on

aluminum, the stresses in the unsupported shocked zone in

the projectile may be sufficienrly high to cause the pro-
jectile to flow out over the surface of the target,, and

craters considerably shallower than hemispheres have been

observed under such conditions.

While the initial phase of the motion resulting
from high velocity impact wuay be adequately described by
hydrodynamic principles, the stresses rapidly decay due to
geometrical divergence and dissipation to the point where4 material strength becomes important.. The material being

ejected from the crater will now remain attached to form a
raised lip. If the target material is brittle, portions of
this lip may fracture and be removed,, The final phase of the

motion will involve a certain amount of elastic springback,,
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Gehring usiug fqsqh X aadiography has est~mtdta
the elastic recovery in crater volume may be as high as 30%~
in an aluminum target struck by a steel projectile at 16,400

ftl/sec

Material which has been subjercted to very intense
shock compression., toliowed by an adiabatic expansion is

returned to zero pressure at higher temperature than amibi~enL,

due to the entropy increase in C~ae shock process.~ Under

conditions of high velocity impact, this temperature may

be above the melting point. For impacts below 20,000 ft/sec,

theoretical estimates indicate thast a. smal1l zone of target
material near the ini.tial point of impac ma-emetdIn

normal. metallic materials,, In low melting point materials

such as lead,, melting may be much more extensive. Since the

melted material I-as no strength on ret-urn to zero pressure,

it will be ejecLed f~rom Lhe Zux-m1iing )rtrsmehtmr redl

than if it. had not been melted. This, mechanism may there--

fore contribut-e to the crat~eri.ng proc-ess at: high impact.
velocities. The quesvion whether the material melts during

the high pressure phase of the motiont is academic.in t-he

madin, effect-will 4 n ~h ptfotk of hei. a>.Ph

is O~kligible.- Theoretical estimates for minImum shock
pressures necessary to cause subsequent melting on return

to zero pressure for typical mateyials are 24 ki~lobarr,, ---r
lead, 225 kilobazrs for tin, 325 kilobars for cadmium,, and

1,, 4 megabars for coppcr.,

The material inwi'ed5i.tely adjacent to the crater
sometimes shows signs of 'rec-rystallisation. at the highest

experimental impact veloci t.ies, confixming thar. local
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evidences of severe plastic deformati-on in severely deformed
crystal structure or shock twinning, and in increased indenta-
tion hardness, these effects being reduced at greater dis-

tances from the crater. Examples are shown in Fig. 5.11.

5.2 Comparison of the Data with Theory

The penetration data for quasi-infinite targets
for which sufficient data points exist have been presented
in Fig. 1.2 through 125. (See Section IT.) The plots
represent data for impact of a variety of projectile
materials on aluminum, steel, copper and lead targets0

The penetration has been normalised with respect to pro-
jectile diameter in these plots. For cylindrical projec-
tiles, the diameter of an equivalent sphere of equal mass

was used, Le 0  de = (3/2 d2L)1/3 
0 Drawn on these

figures are curves representing theoretical predictions

of penetration aceording to the applicable theories pre-
sented in Section MIo Although some of these theories
were intended to apply to a much higher veloc-ty range, they
have nevertheless been computed in the experimental velocity

range, and included in the plots,, Each of the theories will
be briefly discussed0

5.2o Rigid Projectile

The applicable theories in this class are
Grituminger's theory (Section 3.1.5) and Bohn and Fuchs'

.i.o Za~i* theory (Section 3 lo7)

Swas not included since reliable solutio.ns could not be
obtained.

Grimminger's theory contains two somewhat arbitrary

constants; the transition velocity at which the penetration
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mcl-ech•nisAm changes .Iror- a tluid drag mechanism to one ot

armor penetration, and the constant in the armor penetration

relation, For the present comparison, the values for these

two constants given by Grimminger were taken. The transi-

tion velocity was taken as five times the plastic wave velo-

city, the latter being given as 1000 ft/sec for all mate-

rials, while the armor penetration constant is defined in

Section 3o.1.5,. Using these values, it may be seen thaL

Grimminger's theory generally underestimates the penetra-
tion below 5000 tt/sec, and overestimates the penetration

above this velocity. The discrepancy is exceptionally
large in the case ot lead targets, while agr~eement is best

for copper targets.

A change in the constantswould have the effect of
altering the level of the portion oi the curve above the

transition velocity. The most obvious improvement would be
to make the transition velocity a multiple ot the elastic

wave velocity. Taken relative to the results in copper..

this would lowex. the predicted penetration in lead consid-

crably but slightly raise the predicted penetrad.ion in

aluminum and steel thus representing an improvement in

agreement in the case of lead, but a deterioration in the

case ol: aluminum and steel.,

Bohn cnd Fuchs' theory contains a shape tactor.,
which w-a• assuwted to lie uetween 1/. a'dl0 For -1he wlue

_1 I, o th i7 , .i

ot 2/.3 giiien tor spneri.cai projeccniie .,L g bteO1 LhaL• .

the theoretical predictions are in rather surprisingly good

agreem-eat with the data at low velocities. It may be seen

:otom Fig. 1.2 to 1 25 that tor most materials the agreement

is v-ry good tor low velocities, the theory overestimating
pcu•.)t1_ t-ion at higher veloFities, For tungsten car-bide
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projectiles at 16w velocities, the theory undercestimnates

penetration, After projectile break-up however, the
theory again overestimates penetration.

An increase in shape factor f ,. would reduce the

predicted penetration. At higher velocities the penetration

is roughly proportion to 1/f , thus a value ot t of about

4/5 instead of 2/3 would lead to considerably improved agree-

ment over the whole vcloci•ty range, except for the tungsten

carbide projectiles.

5.2.2 Hydrodynamic Theories

Bjork's theory (Section 3.2.1), Opik's theory

(Section 3.2.2) and shaped charge jet theory (Section 3.2.3)

are considered.

Numerical solution of the equations of fluid
dynamics have been given by Bjork for only two metallic

target materials at the time of this study, ioe. aluiinum

impacting aluminun, and iron impacting iron.. The theory

contains no adjustable constants, all material properties

apnearing in the theory having been evaluated in indepen-
dent measurements. Due to the nature of rhe assumption

that material strength is negligible, the theory is only

expected to be applicable at very high velocities.

The theoretical curvre given by Bjork tor aluminumiimpacting aluninum has been drawn on Fig.. 1.2 through 1.4

for 2024-T3, 24ST and 11OOF targets respecLiveiy and fu-c

iron impacting iron on Fig. 1.12 through 1-14 repiesenting

1020, 1030, cind 4140 targets respectively. Bjork arbitrarily

j defined the equivalent diameter of his cylindrical projectile

as de= (d 2 L) 1/ : Definition of the equivalent aia-meter
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on the basis of equivalent mass Eq. (5.2) leads to a

reduction in predicted pe-netration of 16 per cent, and

leads to the lower curves shown in Fig. 1.2 through 1.4

and 1.12 through 1.14.

I may be seen that the highest velocity experi-

mental. points for the 1OOF aluminum and 1030 steel targets

are clustered on Bj,4k .' '.&tginal curve, while experimental

points for the other alloys lie well below the theoretical

curve, However the experimental points show a steeper

gradient than V /h slope preeicted by the theory, so

that the experimental points- disagree with theoretical pre-

dictions at lower velocities. No conclusions regarding pos-

sible agreement at higher velocities may be drawn on the

basis of the present evidence.,

Opik's theory (Section 3,,2.2) contains an

adjustable constant K = 1/2 pp vo where V represents

the velocity below which no penetration will occur, In

calculating the theoretical curves, v0 was found by cxtra-

polating the data to zero penetration. It is clear from the

curves, (Fig,, 1.2, J.-1, 1.-15, 1.18, 1.22, 1.24) that the

agreement between Opik's theory and experiment is rather poor;

in particulara, Opik's theory predirts that: tbe rate of i.n-o

crease of penetratio", with increasing velocity becomes very

low at velocities above 10,000 ft/sec., A change in the

value of v0  alters the predicted penetration but does not
appreciably alter the tIope of the curve at higher velocities,

2! P~ - ýýC 2-iLkG *, Fig L18) WAIIE -C .kU, ~ Lj~4 ,Urve8 fox-

vo 1200 ft/scc and 500 ft/sec, are show-n,,

First order shaped charge jet theory predicts that
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penetration will be independent of velocity (Section 3.2.3)

which may be expected to apply only at very high velocities.

Including a correction for target strength reduces the pre-

dicted penetration at low velocities, the theoretical curve

becoming asymptotic to the maximum value predicted by first

order theory. Horizontal lines representing first order
I theory have been drawn on each of Fig. 1.2 through 1.25.

It may be seen that there is a consistent trend ±or the

penetration to be considerably greater than the predicted

value at higher velocities. Inclusion of the correction
tor target strength will lead to lower predicted penetra-

tions. No attempt has been made to calculate these curves.

The lack of agreement is not surprising, since the
major contribution to the penetration at higher velocities

may be expected to be due to the inertial expansion of the
j crater. The correction for inertial expansion was not

included since its value depends strongly on the velocity

Sv for which no penetration occurs, and which must be

found empiricall.y. This could not be done accurately with

the present data.

5.2.3 Thermal. Penetration

1 The applicable thermal penetration theories
are those of Whipple. (Section 3.3.1) Langton (Section 3.3.2)

Sand Grow (Section 3.3-3), ý.urves representing the three

theories are drawn on Fig. 1.2 through 1.25 for comparison

1 with the data..
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Whipp.e's and Langton's theories differ mainly in

the proportionality constant between the penetration and the

2/3 power of the velocity,, due to the different shape assumed

for the crater. Langton in addition includes a term to account

for the inelting ot the projectile, which becomes relatively

less important as the velocity increases. Whipple's theory

overestimates penetration in almost all cases except for

penetration of tungsten carbide projectiles in the low velo-

city region.. On the other hand, Langton's theory consider-

ably underestimates the penetration in all cases. As may be

expected from the dependence ot penetration on the first power

in velocity, Grow's theory grossly overestimates penetration

at all but the lower velocities in all cases for which it was

computed.

None of the thermal penetration equations take

into account the strength of the target,, since they were

intended to apply only to extremely high impact velocities,
and they can therefore not be made to fit data in targets of

the same material but,.different hardness within the experi-

mental velocity range..

5,3 Empirical Power Law

In this section it is assumed that a penetration

law of the iorm

is valid. Suiic•ent experimental data exists so Lhat the

dependence of penetration on each experimental parameter may

be investigated separately, and a non-dimensional penetration

law is devised Crater diametexs and volumes are then consi-

dered.
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5.3.1 Consistency of the Data

Several projectile material-target material
combinations have been used at different laboratories in

the same velocity range, thus allowing a direct comparison

of the date from one laboratory with that from another.

Except for sowe early work., the experimeatal data agree

within the experimental scatter, as may be seen in Fig. 1.2

through 1.25. Apparent disagreements, as in the case of

aluminum projectiles impacting aluminum targets (Fig. 1.2

1.3, 1.4) may be traced to differences in strength properties

of the targets used at the various Laboratories. In subse-

quent statistical analyses, all of the data was weighted

equally.

5.3.2 DepenAdence on Projectile Dimension

•I For large number of projectile material-target

material combinations, firings have been made with a variety

of projectile sizes, and with both shperical and cylindrical

projectiles. In plotting Fig. 1.2 through 1.25, the penetra-

tion has been norTnalised to the projectile diameter. Tn the

case of cylindrical projectiles,, the diameter of an equiva-

lent sphere of mass equal to that of the cylinder was used,

i.e. ) 3

However, it should be pointed out that nearly all of the

projectiles cornsidered had length to diameter ratios (1,,/d)

near unity,, and the equivaient sphere diameter did not

differ greatly from the cylinder diameter,, Almost equally
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good correlation could be obtained by using the cylinder
diameter or length directly. For L/d far from unity., this
scaling is not likely to hold. (See Section 6..3) Insuffl-

cienrt data exi~sts at present to define the limits of 1,/d
over which the correlation on the basis of equivalent sphere

diameter can be expected t~o hold.

Except for a cousistent tendency in the data

reported by Kinard anid Collins 35for the penetration to be

slightly greater for 1/2 inch diameter projectiles than 0,,22

inch diameter projectiles no size effect could be detected,.

Nearly all oi the date was in the -range of projectile diam.-

eter of 1/l6 to 1/2 inch,;

5-3.3 Dependence on Projectile Velocitv

If it is assumed t~hat the penetration depend~s on

the velocity through a. relation of the form p =MP *.,ti

type of dependence can be most conveniently investigated by
means of log-.log plots of penetration versus velocity, Typi-
ca~l curves of this type fo-r duct-iIle projectiles impacting

olumninum, copper and lead targets are shown in Fig. 5.1 2.,

5.13 and 5,.14 and for brittle projectiles in Fig.. .5.15,, 5.,16

and 5.17.. Although there i~s considerable scatter,, the cui-ves
all show a tendceny to vary ixom a velocity exponent of 4 '/3

at. low velocities to about 2/3 at hig-h velocifries, (xept
for lead. Fg514wihdoes not extend to low enough velo-

cities to show a4/3 power dependence). For the high strength

project-ilesY the 4/3 slope is maintained to velocities at which

the projectile shatters, this effect- beirig most: pronounced in
the softest material, Lead..

84



J! 5.3.4 Dependence on Projectile Properties

SRelatively little information' is available on the
J, effect of projectile strength on crateringo Maiden et a1 1 2

shot series of steel projectiles which had received differ-

ent heat treatments into 1030 steel targets in a velocity

range from 4,000 to 13,000 it/sec. Results (Fig. 5.18)
indicate that no significant differences in penetration

are observed for projectile Brinell Hardness Numbers of

210, 290 and 580. It is clear that these data lie in the
high velocity region, since they conform to the 2/3 velo-

city exponent. On the other hand Abbot 8 9 found signifi-
cant differences in penetration in steel targets by two

types of steel projectiles, having Brinell Hardness Numbers
of 140 and 705 respectively, up to 7,000 ft/see, i.e.

well into the high velocity range, although the differ-

ences were small above 5,000 ft/sec0  (Fig. 5.19,)
Grow et a1 8 6 shot two types of steel projectiles into

lead targets, (Fig. 5..20..) up to a velocity of about 5,000
ft/sec0 Significant differences in penetration were ob-

served up to a velocity of about 4,000 ft/sec, which from
Fig, 5.,17 is seen to correspond to the upper, limit of the

transition region..

It may be surmised that the projectile strength

does not affect penetration above the transition region,

particularly for ductilp projectiles Tt ip, clear that
the same will be true of the undeformed projectile region

for high strength projectiles, where no deformation of the
projectile occurs,

If this is true, then the only factor to account
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for differences in penetrat ion in a given target materia t

by differeut projectile inmterials is the projectile density..

By analysing proportionality constants k in p - kV2/ 3

obtained trom plots of the type of Fig. 5.12 through 5. 17,

k, is ltounci to be very nearly proportional to the 2/3 power

oa the projectile density and independent ot projectile

strength in mhe high velocity region., lor a given target

material,

5, Dependence on TarBetProperties

While penetration may be expected to depend on

targetL denisiLy, there i.s strong evidence to suggest that

penetration also depends on target strength over the entire30
iý2J_.X.v -range coveted by the present data. Summers 0has

reported ii-idngs ot coppex pruoJecti~les ianto t:wo sets of

copper targets heat treated to Brinell Hardness of 65 and 35

respertivel]y (Fig_ 5.21) Sigx-iificant: differences in pene-

tration were observed over the whole velocity range which

was enplored, ext.endi.g from a tew hundred tt/sec. to 10,000

ft/sec. Figure L5,22 shows penetration results tor steei pro-

jectiles impar:ting four difterent types of steel target ranging

in Brine~l.! HIardnss trom ill to 3021. Difterences in pe-e•

trration ,irc again evident, up to at least. 8,000 tt/sec, the

highest veLocity at. which a comparison can be made..

A comparison ot cratering into hard (2024T-3) alu-

minum and sott ( I1OF! :jluminun targets by aluminum projectiles

cal also be made.. (Fig 5 23) Peretration in the 2Q24T-A3

aluminum fargets, haMvinig •rinell Hardness ot about 120 is

observed to be about 00% of that. in the softeT 11OOF alloy

up to the hLghest ciperi.mnental velocit,, ci 16-000 It/sece
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The hardness of the 11OOF material was unfortunately not

measured, but, according to handbook values, lies in the

range 23 to 44.

It is therefore clear that target strength will

have to be taken into account over the whole of the experi-

mental velocity range. It has already been shown that

penetration is proportional to the 2/3 power of projectile

density and velocity. The following procedure was adopted

to verify this dependence on projectile density and velo-

city, to obtain reliable values of the proportionality

constant for each target material, and to determine the

A !lower limit of velouiLy in which the 2/3 power law is

valid for each projectile material--target material com-

bination.

IT Tr ir
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Large scale plots of t p/d (P pV)2/3 verjus velocity

were prepared for each target material, If the penetration

did in tact follow the law

k ~V,)

the resultant plot should be a horizontal straight line

as shown in sketch (i) above. If the penetration were pro-

portional t:o some other exponent of velocity, the resultant

plot would be a curve as shown in sketch (ii) above. At

high velocities, the curve should reach the 2/3 power law.,

and thus become a horizontal straight line,. The velocity

above which the curve becomes horizontal,, then corresponds

to the lower limit of the high velocity region,. It is to

be expected that different projectile materials will produce

different curves at low velocities as shown., it on the

other hiand the penetration were proportional to some other

exponent in projectile density., the resultant curves for

ditferent projectile materials should tend to horizontal

lines which are separated, as shown in sketch (iii) above..

Curves for 3 types of aluminum., 4 grades of copper, 4 types

ot stcel, lead.,magneslum., silver, zinc., cadmium end tin
targets impacted by a variety ot projectile materials were

prepared. Examples for 2024T-3 ai.uminum,,copper of BON b5,
and for lead targets are shown in Fig. 5.24., 5,25 and 5.,26",

By tar the greatest vaiiety of projectile materials were

used with these three target materials,. It may be seen that

there ate relatively very iew experimental points in the

horizontal region ot the curves, but than, the curves tor the

variouis projecr.ilc materials do converge on the horizontal
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portion within the experimental scatter. Only very rough
values of the limiting velocity could be obtained. However,
the value of p/d (P V) 2/ 3 = kI corresponding to the

p1
horizontal portions of the curves could be obtained fairly
accurately for several of the target materials. Least
squares fits of the values of k, , together with standard
mean deviations, were obtained using experimental points in
the horizontal portions of the curves, These are listed in
Table IV.

The effect of target strength could be estimated
"separately, since k could be evaluated for several types
of aluminum, copper, and steel targets, which varied in
Brinell Hardness, but had closely similar densities and sonic
velocities. Values of kI found from least squares fit of
the data were plotted versus the Brinell Hardness Number Ht
on log-log paper. (Fig. 5.2Y) The flags represent one
standard mean deviation in kI and the uncertainty ranges
in Hardness. Straight lines of slope -1/3 could be fitted
through the points representing the different types of each
material. Thus the target strength can be approximately

accounted for by including a term H 1/3 i.e.

k 4 H 13

thu values of k9 being found from the previous values of
k]. by

The ettect of density may now be investigated
by plotting resultant values of k2 versus target density
on log-log paper (Fig. 5.28) The uncertainty ilags showm
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are a co-mbination of the mean deviations in kI and the
uncertainties in Ht ' A straight line of slope -1/3 has
been approximately fiLLed to the points, again using a least

squares fit, leading to a non-dimensional penetration law

, - .3 -: 0 , 0 7

While most materials fell within the limits given above,
penetration for samC "anomalous" material combinations may
depart from the above expression by as much as 35 per cent,

It might be noted that a slightly higher e-xponent

in pt might be expected to fit slightly better. However it
was decided to retain. the advantages of a non-dimensional
fit. Small changes (+ 10 Z ) in exponents of the non-dimean-
sional parameters in Eq. (5,J.) did not significantly alter

the mean deviation.

It should be noted that the empirical expression
Eq. (5o) is necessarily a crude approximation, since it

disregards the many complex phenomena actually ocn.urri-ng.

•.5..,6 Limits of Validity of the Empirical Power Law

The empirical law deduced In the previous section

Is cleariy limited to a restricted velocity range for each

combination of projectile and target materials,, Nothing can
be said at thix time abouit the upper velocity limit, on the
basAi of the e.i•perimeutal data, The penetration appears to
be proportional to the 2/1 powe;r in velocity up to the high-
est velocity data. points included here, within the experimental
scatter. ThiR point will be discussed later. However, the
lower Aimit of v,1idi •y of the empirical law may be examined
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in some detail.

A number of interesting trends appear from

Fig. 5.24, 5.25 and 5.26., in which the ratio p/d / (p V)
is plotted vs. velocity for aluminum, copper and lead targets.

Curves have been roughly faired through some of the points
foc Lhe sake of clarity. It is seen that Uie penetration is

j•I generally less for the low density projectiles, and greater
for the high density projectiles at low velocities than pre-
dicted by the empirical penetration law Eq0 (5ol), the differ-

ences diminishing as the velocity increases, until the various
curves combine. While the high velocity data is limited al-
most exclusively to aluminuca projectiles, the data repre-

senting other projectiles do appear to become asymptotic to
the horizontal lines faired through the high velocity points
for aluminum projectiles.

On the basis of the qualitative model of cratering
presented in Section 5-l, it is possible to suggest the

reasons for this behaviour0  Reference to Fig. 5,1 shows that
the initial maximum pressure generated at the interface is
"less for the lower density projectiles, and greater for the
higher density projectiles0

One might therefore suppose that the strength of
the target material may have a relatively greater effect in
the case of the lower density projectiles, and ther.ef ore

restrict the flow and result in smaller craters in a given

target material than predicted on the basis of the empirical
law Eq. (5.l). Clearly at some low velocity, the initial

interface pressure will be so low that no target deformation

will occur0  This velocity will then be higher for the lower
density projectiles. The opposite: will be true of higher
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density projectiles, One might suppose that the target defor-•

mation is related to the quantity (P - Y t) i eo the initial

interface stress in excess of the dynami. -•fe•ld of the material.

At the same time, there will be a similar effect

on the projectile., The degree of deformation of the projec-

tile may also be roughly reTated to the quantirty (P - Y. P
Thus * al th••ough t.h initial interface pressure is low for

nylon projecLiles, nylon also has very low strength, and a

nylon projectile may be, expected to suffer severe deforma-

tion with consequent increase in presented area and decrease

in penetration at even moderate veloeities,, On the other

hand tungsten and uiraniu projectiles, while leading to much

h:igher interface pressures at the same velocities have rather

high strength. Thus deformation of the projeccii.e will. be

inhibited and penetration enhanced, leading to "britt[le pro-.

jectile"' type of behaviour. (Section 5o1)o

On the basis of this qualitative modcl, oae might

expect that the empirical penetration law, Eq. (5-1)., will

be valid when P Y>pp Yt t. Wbile the limiting velocities

can be eet:imated onig very approximately from curves such. as

Fig., 52. thromgh it..25 i wo•uld appear that a reas-o-nable

criterion !;:s given by P 1.00 r W here Y it the static:

-" = *- .... . f.-r m,•t iia., c.:~S .at1io ,s not e:'ý'-J b-tng "br ittle.
projec:tie." behavi.oair, Noting that the Brinell Hardness is

roughly r&iaI to front Fig 4, I, the criterion reduces to

for hfgh strength projecti.1es, the velocity at

whichb breaý,f,- ,4., .omplete may be higher than the velocity
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4 indicated in Eq. (5.2). This is particularly true in lead

and other low strength targets. Unfortunately the hardness
of projectiles used in experiments has been reported in on-ly

very rare instances, so that almost no information exists

to guide formulation of a criterion similar to Eq 0 (5ý2)-
Oly pi~e of information is available, ioe. stainless

steel projectiles shot into lead targets at Utah University

(Fig- 5.20)° In this one case it also appears satisfactory

to use the criterion

Ž 30 (5-3)

While it seems logical to extend Eq. (5.3) to other materials,
there is presently no other evidence to support such an assump-
tion. If however, the assumption is made, the criterion be-

comes

30 and - (54)

where P and H are in identical units.

An attempt has been made to apply empirical correc-

tions to the low velocity data in order to account for the
strength effects by the use of correction terms of the type

P , where k is a constant to allow for strain rate

effects. This is very difficult because the target and pro-
jectile strength effects apply simultaneously, and generally
tend to act in the same direction. Furthermore, the uncer-

tainty in the data, (generally ± .05 in p/d or greater) is
such that at low velocities, and hence low penetrations, the
percentage error is large. It is therefore impossible to
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evaluate the effects of target and projectile strength separately

with the present data.

-37 Crater Diameters

Diameters of craters in the plane of the original

S.....been reported in al" cases. Figure

5.29 through 5-32 show typical trends in the data for alhiLnvam,

copper, steel and lead targets. Shown are the ratios of

penetration depth to crat. diameter as a function of velocity.
This ratio is in effect a shape factor, which should equal 0-5

for hemispherical craters, higher values indicating crate.s:

deeper tht2n fi,r.mispherical.

.l ,~.uy be seen that projectiles such as copper and
lead show a tendency for the ratio p.D to inccreaae 'ith
velocity, and become asymptotic to the value R°. Peference

to Fig., 5.12, 5A3, 9.54 indicates that the penetration be..
comes a function of V2/3 at about the same velocity where

the ratio p/D Leaches 0.5,, These therefore represent
ew,,mpl~es of ductile. projectile behaviour, described by many

authors.

Of interest is the behaviour of aluminaum, magnestm

and nylon projectiles. in each case, the ratios p/D s.ppe1:

to become asymptotic to a value of 0.k, and possibly less in

the case of nylon,, in the velocity region where the penet.ra...

tion is proportionai to V2/1 3o

It may also be seen that projectilezý such as hardened

steel. and tvuagsterx car-bide show a tendeix.y for p/De W.u

increase. wtth trelocity to a maximulm much greater than 0•,,-
and then to decrease and in some cases show a tendency to

becume asympLotic to O0.°5.. The velocities at the maxima of
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the p/D curves may be correlated with the velocities
at the maxima of the p/d curves Fig. 5415, 5116 and 5o17o

These therefore represent examples of brittle projectile
behaviour. However, in several cases, the ratio p/Dc

i'A has approached a value considerably greater than 0.5 in the
velocity region corresponding to a penetration dependence

on V 41-

This type of behaviour is exactly what one might

expect on the basis of the qualitative model discussed in the
previous section. (Sect 5°3°6) The question as to the vel-

ocities at which the craters become hemispherical, or whether

U the craters will become hemisphorical at all, for the very
light and very heavy projectiles cannot be answered by the
present data. However it is clear that the craters are not
necessarily hemispherical in the high velocity region covered
by the empirical penetration law Eq 0 (5.1).

95.'.8 Crater Volumes

Several experimenters report measured crater volumes.
The vol-umes have generally been measured by machining the

crater lip flush with the original target surface and filling
the crater with a liquid, wax, or powder, the volume of which
is subsequently measured0

Of considerable interest is the ratio E/V where
C

E is the initial kinetic er~ergy of the projectile, and V
the crater volume, The reciprocal quantity V /E has some-

times been termed the crater-ing efficiency, despite the fact

that the quantity is dimensional., Typical plots of E/V

vs. projectile velocity are presented in Fig. 5.33 through

5-36. For several material combinations a trend has been
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noted by many auth(-,s f£c E/V to become constant aS the

velocity i.ncreases. Several enipirical penetration laws are
based on this assumption, For many material eombinations,
data exists only at low velocities however several. material,

combinations in Fig. 5.33 through --.- 6 do show thi-s trend at
higher velocities, It may be noted that the E/V' curvcs
become horizontal at roughly the same velocities that the pene-

tration becomes proportional to V2/3 (Fig. 5Pk4 through 5,26.)

Asymptotes of EV C cutrves were estimated from
plots of the type of Fig. 5.33 through 5o.6, There were
generally insufficient points in the horizontal, portions of
the curves to warrant *tatiStical fits.

A tendency for the asytaptuLic valnes of E/V to

depend on the density ratio p/P was noted by Swuuers 30
Such a trend is also obvious from Fig,, 5,33 through 5.36.,
Values of E!V were obtainable for several 'IffeL pro-c
jectile materials impacting lead, copper,, steel and aluminum

targets. Consequently, asymptotic values of- E/V were
plotted versus density ratio pt/@p on log-log paper (Fig.

. 7'). ,.The points for eack target wuatexial may be approxI,
ma'ely fitted by straight lines of slope 213, indicating a
dependence of E/VC on (pt/pp 2/3

fn order to investigate the depender.mte on target

properties, values cf

Al ('fl

werp P %ittad Bi r~inell lardt 1- -e s s. ý'Fiv 'n n r

line may be approximately fitted to the data leading to a
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final correlation

S...i! ,,,, : f 3. : .6,Jit-(5.5)

where the constant is d.imensionless. nrd indeperdent of
projectile and target material properties,

It is interesting to note that if the craters

are assumed to be hemispherical in the high velocity

4! region, a law of the form of Eq. (5-5) may be derived
directly from Eq. (5-l) by noting that

4

i trr 3

resulting in an expression

This differs slightly from Eq. (5-5) in both the constant

av-,d exponent in density ratio. However, in the previous

section (Sect. 5°3.7) it was shown that craters formed by

low density projectiles were shallower than hemispheres,
while craters formed by high density projectiles were deeper
than hemispheres. Thus Eq. (5.6) will predict smaller cra-

ters than actually formed for aluminum projectiles, and will

overestimate craters actually formed by tungsten and tung-

sten carbide projectiles. The change in exponent of the

density ratio just comnpenaates for this effect, as may be

seen from Fig, 5o37.

97



•,5_39 Comparison with Previou• icalsELpeion

In this section it is intended. to compare the em-

pirical expression Eq. (5o1) with empirical expre.ssions

obtained previously by other authors and listed in Table 1lio

ManY of these expressions were devised on the basis of por-,

tions of the experimental data used to derive- Eq. (51¾, and

should therefore be comparable over the limited ranges tn

experimnental parametera considered in their derivation,,

Several empirical expressions (Table ITOI are based

on a dependence of penetration on velocity to a power greater

than 2/3. it is clear from previous disc:ussion that. these

expressions were derived fron data in a lower velocity range

than that covered by Eq0 (5oi)o In Section 5,,.3o6 th.- compli-

cations arisiag from projectile and target, m,-ater-i ai. trngtr h

have bee". discussedo In ge..r.a. both ve'ry .Low and high

density proje.cti:e data have been ignored in the deravation

of th•ise expressionks, thus a1.ow-Iog a reasonablee correlation

on the basis of elementary material properties,

A number of empirical expre.sý,Bion. are base~d on the
form proposed by Charter& and Loc~jceM

•- -- .t'5,, ]

Attempts were made to reduce the data on this ba;is.

However,, since the ionic velocity cf does not: vary approri.ably
,ith hardnesss in a given target material ,preion, of. thiP,

tvpp -ire intdeqoate to correlate d.ta from firings; into tar

gets of differfnt: hardness', but. .rdentical materia;,. The

assumption made in the derivation of Charters and Loks$
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expression; viz. that the effect of hardness is negligible

in the high velocity range, is contradicted by the data up
to the highest velocities considered here, and significantly

in the region where the penetration is proportional to V2/3

Speculation as to the role of strength at much higher velo-

cities will be deferred to a later section. Equation (5-l)
fits the data in half-~hard copper and lead targets about as
well as Eq. (5.7), used by Summers 3 0 to correlate penetra-
tion in these waterials° It is interesting to note that

P - v Hugoniots (Appendix D) are almost identical for
copper, iron and lead, so that behaviour associated with
low and high density projectiles is absent When these mater-
ials only are involved. Furthermore, it might be pointed
out that data for annealed copper, and copper of greater
Brinell Hardness cannot be correlated by Eq. (5.7), so that

the choice of half.hard copper as the basis of Eq0 (5.7)
must be considered fortuitous,

4 Expressions derived on the assumption that cratering

efficiency is a constant proportional to target hardness and
that the craters are hemispheres in the high velocity region,

are equivalent to the form Eq. (4o31)

= k (5L (5),8I

This expression differs from Eq. (5-1 only in the exponent
in density ratio and in the value of the constant, Attempts
to fit the high velocity data used in the derivation of

Eq 0 (53l) to Eq. (5O8) by the method of least squares led
to a considerably increased mean deviation.

It is interesting here to compare the expression

9
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for E/V derived by Feldman4I

with the expression derived in Section 5°3o8

S -- , (5.5)

These also differ in the value of the constant
and exponent in density ratio. Attempts to fit the data used

in the derivation of Eq. (5o5) by Eqo (5-9) again led to a
considerably increased meran deviation. Equation (5.8) was
derived from Eq. (5.9) by assuming that the crater is hemi-
spherical. This assumption has been shown to be uvsjtStifi-
able in the velovity range covered by the experimental data
in Section 5-'3,7 and 5 o Thus it is not surprising that
Eq. (5,.8) and (5°I) do not correspond°

Kjork has recently suggested that the penetration
In a give'a target material by projectiles of identical mass
and velocity, but different materials, is proportional to the
initial interface velocity induced by the impact. For pro-
jecti.es of ident'ical mass and velocity in a given target,
Eq., (Q., L) reduces to n p In Fig,, 5.'39 valvei• of
the interfac,ý veilocilty V have been plotted against pP
for several common target materials at a projectile velocity
of .1 km/spec.. The interface velocity i,- very nearly pro,

portio' c Since the V vs.. • curves, .ig, 5,

arp very nearly straight lines, a similar degree of scaitter
May he expe t.d at other velocities,, ('See Appendix D) Thus ,

Jiork'rz gEaggesft.!o, iA esseptially equivalent to Eq,, (.5,i)

To be p,•blishad
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within the experimental accuracy. Experimental scatted-
does not permit a choice between V* and pl/3 for cor-

relation purposes, and the density dependence has been re-
tained for the sake of simplicity.

5.4 Empirical Logarithmic Law

4 In this sertion, the fit of the experimental

data to a penetration law of the form;1 oosoo
k) P (oj9 (5-10)

is examined0  Based on the discussion of Section 4.4, it

may be seen that this expression (Eq 0 40 58) and that of
Bohn and Fuchs (Eq, 4.60) may be made to almost coincide
over the experimental velocity range by suitable choice of4
C onstants, in which case serious disagreement between the
two expressions would only arise at very high velocities.
It is therefore to be expected that it will not be possible
to choose between these two expressions on the basis of the

present experimental data alone. Equation (5o10) was there-
fore chosen as the basis of correlation for its relative sim-

plicity.

5 .o4. Data Fits

Individual least squares fits were obtained to

the experimental data for each projectile,-target material
cýcnmbination., fitting kI and k2 in Eq0 (5O10) by using

a standard iteration method on a high speed digital com-
putero Material combinations exhibiting brittle projec.-

tile behaviour were exc1•ided, since in these cases the pene-

tration is not a monotonically increasing function of

1.01,



velocity, and therefore could not be fitted by an expression

of the trpe Eq, (5o1O)o Results together with standard mean
deviations are presented in Table V.

It may be seen that the individual fits are very
good, mean deviations in many cases being no larger than the

scatter in the data. However the constants kI and k2
vary for the different projectile target material combina-
tions. Attempts were made to obtain correlations of kI
and k 2 with elementary material properties. No correlating

could be found with Ht or c. , and the best correlations
obtained are shown in Fig. 5.40 and 5o1l respectively on the
basis of the density ratio, leading to an approximate expres-

sion of the form

(0 -6±-t0 .) (j~t ) oe t Ole-) +j

(5o11)

It i8s evident that the correlation is rather poor.

This is hardly surprising. The effects of projectile and

target strength in the transition region, discussed in
Sections 5-13,,6 and 5.3.7, strongly influence k and k,

since the fits were made using data from the entire experi,
mental velocity range. It could therefore hardly be. expected
that a simple correlation with powers of elementary material
properties would be obtained. Before embarking upon an attempt
to correlate kI and k2 with more complex functions of
weaterial prope:rties. it would be desirable to predict reason
abLe forms of such functions on theoretical grounds,,

Whin m- ter.ial c. ombinations exhibiting extreme
target and projectile strength effects, such as magnesiumi and
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aluminum with copper, steel and lead, are omitted, a

somewhat improved correlation for k! is obtained;

k ((9i 12)

However, the correlation for k2 is not improved.

"5.4.2 Theoretical Considerations

In deriving Eq. (5.10), Section Io4.43, the

instantaneous interface pressure was taken to be 1/2 ptV

A assuming the Larget to be an incompressible fluid, and the

projectile to be rigid and incompressible. It might be

expected that a better approximation might be obtained by

assuming that the interface pressure P is related to the

interface velocity v by the shock relation (Appendix D)

P zP~,. V Vc~ 551 S )(13 )

This assumes that the conditions between the shock and

interface are uniform, which would appear to be a reasonable

approximation, except in the leter stages of the motion, from

pressure. contours obtained by Bjork, Fig. 5.9 and 5.10.

Thus, assuming the retardation force on the pro-

jectile to be of the form

integration of the equation of motion

- /Itx v d1,V (5 15)
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between the limits x 0., P v = v x -p . P 0
v = 0 leads to

p k /,5t % -16
- 6k. KP/ , ft.! n.y- ) (34, N+

where R depends on V' but may be shown to become a
relatively small constant at high velocities.

It is interesting to compare Eq. (5-16) with

Eq. (5oi1)o Using the approximate expression for interface

velocity' obtained in Appendix D

V + -L p) 2. (, f(5-17)

the interface pressure may be expressed as

ff , (5o8

When V >> ct., the first term of Eq., (5,.18) becomes small

compared with the second, leading to an approximation for the
interface pressure

P - 5+(UfV (,1,9)

Va..e, of 8 are al]. fairly close to 1o5 for the
materials considered here. Thus the logarithmin: .e-tuin In
Eq,, k5.i-) Is a representation of that in Eq0 (5.o6) at exI
tremely high velocities. At velocities comparable to the
.peed of sound ct Eq. (19.19) is a very poor appro.Kimation,

In fact the first term. In Eq. (5..-18) b-.comes dominant for V ct
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SThus some of the large scatter in k 2 may be ascribed
to the incorrect use of Eq. (5419) at low velocities.

In the derivation, an implicit assumption in
Eq. (5Al7) is that the projectile is decelerated as a
rigid body. Thus, although the interface pressure is
found correctly by taking the compressibility of Lhe
materials into account, the transit times of shock and
rarefaction waves across the projectile are neglected.

"a This is probably not a bad assumption, since the waves

have time to reverberate through the projectile many
times during the flow period. In fact, detailed shock
effects in the projectile are also smeared in Bjork's
calculations.

Hcwever, the assumption implicit in the above

derivation, that the projectile remains undeformed, is
obviously in-orrect at high velocities0 X-radiographs,

and Bjork's analysis show that the projectile flows so
that the motion is more nearly spherically synmetric
than linear0

If the projectile is assumed to expand radially
as an incompressible fluid, the interface force may be
represented by

uhlich, upon integration of the equation of motion Eq0 (5o15)

leads to the penetration law

(512l)
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where R again becomes a small constant at high velocities.

Thus, it may be expected that the penetration law

will chlage gradually from a form approximating Eq 0 (5A18)
at very low velocities (where R may be expected to vary

with V ) to a form approximating Eq. (5.21) at very high
vel~ociti,~

It may be argued that since high velocity e fects

are of prime concern, Eq. (5-21) should be used to fit the

data in the high velocity region only, disregarding the low

velocity data. However, present experimental data in the high

velocity region covers at most velocities varying by a factor

of two. This is insufficient variation to warrant a two para.-

meter logarithmic. fit, and it has already been shown that the

one parameter fit Eq 0 (5J.) is adequate over this velocity

range.

Thus, the individual fits to Eq0 (5-10) must be

regarded as convenient two parameter fits over the whole

experimental velocity range, without attaching too much phy-

sical significance to the fornm of Eq0 (5-10). The fact that

there is some correlation of kI and k2 with density ratio

must be as..ribed to the fact Lhat there is also some correla,

tion between dynamic conpressibilities and strength effects

with density ratio. The correlation is bound to be rather

poor, since it may be observed that some light materials such

as alumintu may have high strength, while some heavy materials

such as lead have very low strength. As may be expected, alu-

minum projectiles striking lead targets therefore show very

poor correlation with other material combinations, particularly

in k. ., Fig., 5.40., Similar remarks may be made for other

"enornalouis" material comb L nations,,
I
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It would appear to be impossible to find a

penetration law which would adequately cover both a wide

range of materials and velocities without taking the correct
geometrical, compressibility and strength effects into account.

4 This, of course, requires a full theoretical treatment of the

problem0 It would therefore be appropriate at this time to

carry ot further theoretical work before attempting further

empirical correlations.

5.4.3 Comparison with Empirical Power Law

When the material combinations exhibiting extreme
projectile and target strength effects are omitted, and the

value of k1  from Eq. (5-12) is used, Eq0 (5o11) becomes

(5-22)

It has been shown that the function y = k loge (l+x 2 )

may be approximated by the function y = kx2/3 over the range
2.7 < x < 5 - (Fig. 4.2) Thus Eq0 (5.22) above may be approxi-

mated in the high velocity region by

N ,,

or

(5.23)
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which may be compared with Eq. (. . Comparisons for individual

material combinations over appropri~ate velocity ranges, using

correct values of kI and k2 in Eq. (5o10) from Table IV

are generally even better, since both Eq. (5.l) and (5,10)

are good fits to the high velocity data.

Although Eq,. (511) or Eq 0 (5.22) are very approxi.-

mate due to the poor correlation of kI and k2 with material

properties, the individual fits to Eq. (5o10) with constants

from Table V are very good, and may therefore serve as very

useful empirical expressions suitable for interpolation and

prediction purposes over the whole experimental velocity range.

S5 Extrapolation of Empirical Penetration Laws

Since there is great interest in penetration effects

at velocities higher than those investigated experimentally,

it is interesting to investigate the consequences of extra-.

polating the empirical penetration laws, Eq. (5,A) and Eq.

(5,"0) Table IV, to higher velocities.

Figure 5.42 shows experimental data and penetra-

Lions predicted by Eq. (5.1) and Eq.. (5o10) for aluminmn

projeetiles and targets. Original constants found from the

individual least squares fit to p/d= kV 2/3 , using only

points in the high velocity region, were used. For the lo-

garithmic penetration law, values of constants k and k2

found by individual least squa-es fits, and listed in Table V,
wert. 2,•ed I.ogariithrmi. ,cales were usaed to accomodate a large

veLocity variation, Also showm are the three points obtained

theoretically by Bjork1 2 8 . It should be noted that Bjork's

defiinition of equivalent diameter has been retained,. Defini-

tion of equivalent diameter on the basis of equivalent mass

108



'1 would reduce the penetration predicted by Bjork by 16 per

cent.

Firstly, it might be noted that both penetration

laws are good fits to the experimental data in a I iian't

velocity range. This velocity range will now be defined as

the high velocity region.

Secondly, it may be seen that the predictions of

penetration by the two penetration laws diverge at higher
velocities. The logarithmic law predicts lower penetrations,

and over a wide range of high velocities may be approximated

by a law of the type p/d= kVI/3 . This velocity range will

now be defined as the hypervelocity region.

It may be seen that the logarithmic law shows

surprising agreement with the theoretical points, computed

by Bjorko From Fig. 5.42, it is seen that the curve fitted

to the soft 1100F aluminum data points fits Bjork's points

almost exactly. In view of the fact that the logarithmic

penetration law has limited physical significance, this

agreement may be fortuitous. It may be noted that the curve

fits Hjork's points better than an expression of the form

p/d = kV-/3

Furthermore it may be seen that the logarithmic

law for the much harder 2024-T3 auminwum alloy predicts

lower penetrations than Bjork's analysis, the offset de-

creasing with increasing velocity0  (This is still true on

a linear scale), This behaviour is exactly what might be

expected for a high strength target.

Figure 5.43 is similar to Fig. 5.42, but for steel

projectiles and targets. In this case, agreement is not
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quite as good, The tits to the logarithmic penetration law
were obtained from points limited to quite low velocities0

The steel targets had high strengths, thus all of the data

used for the fits were in the transition region influenced
by projectile and target strength. The transition region

strength effects tend to reduce penetration, the effect
being grcatest at low velocities, Thus, the tendency will

be to increase the initial slope, and increase the curvature,
of the empirical fit0 The two effects partially offset one
another as may be seen from Fig0 5.43. Agreement of the
logarithmic law with Bjork's points is better at 5°5 and 72
km/sec, than at 20 km/sec:. Actually, one would expect that

the penetration should be less than that computed by Bjork,
even at 72 km/sec, particularly for the very hard 30 RC
steel alloy. This extrapolation of the logarithmic fits in
this case cannot be considered to be realistic.

The same effects are of course present in the

logarithmLi, fits for the 110OF and 2024-T3 alumintr alloys,
Fig. 5.4.2., Due to the low hardness of the l10OF alloy, and
the wide velocity range in the experimental data, relatively
much greater reliance may be placed on an extrapolatior. for
this ýmaterial, and the agreement with Bjork's calculations may

be considered to have some significance. The extrapolation
for the 2024.-T4 alloy however must be considered suspect,
because, although data to quite high velocities is included,
the transition region also extends to quite high velocities,
and transition region strength effects have fairly strong

influence on the fit,
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5°6 Definition of Regions of Impact

Based upon the information in the previous sections,

it is possible to postulate regions of impact within which
certain types of behaviour may be expected, Since defini-

tion of the last two regions is necessarily based on the
logarithmic penetration law (Eq. 5o10), which has no firm
theoretical basis, this section is somewhat hypothetical.
Nevertheless, the behaviour should be qualitatively as
described. Quantitative definitions of the limits of the

regions may be refined as more data becomes available at
4 high velocitip,

5.6.1 Low Velocit•yRegion

This region is only important for projectiles

which have 10 haghe streigth tbhn the target, and therefore
suffer little or no deformation at low velocity. The
region is of no interest in the present study, and will not
be considered here. The upper limit of the region may be
expected to be related to the ratio of the maximum stress
.duced in the projectile , and the strength of the

projectile, represented by Hp , but it is likely that

the projectile shape will be important in producing stress

concentrations leading to fracture of brittle projectile

materials.

r.6.2 Transition Region

Within the transition region, the effects of
target and projectile sti. sn6th Car=- ..... t -n determning

crater shape aad penetration depth, These effects have
been discussed in Section 5.3.6. If attempts are made to
fit the penetration in this region by a power law,
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the velocity exponenvt varies rapidly from 2 at very low

velocities down to 2/3 at the high velocity end of the

rcgi.on Data fo•c "ductile" projectiles, which show a mono-

tonic increase in penetration with velocity, may be fitted

empirically by a two parameter logarithmic fit Eq. (5o10)o
This is not necessarily physically significant.

The region extends from the velocity at which the

pL-ojetile suffers serious deformation to a velocity such

that

_ = 30

orni f P ~> 14 (5.4)

(See Section 5.3.6) iJe., a velocity at which the initial

interface pressure is much greater than t-he yield strength

of both the projectile and target.

6.6 3j 21iZih Ve ot0"it-L R io

Within this reg:ion, strength effec:ts are no longer

dominant, but are still not negligible.

Crater shapes approach hemispheres, but strength

effects are s"ffi.cieat co cause craters formed by low or high

density projectiles, compared to the target density, to be

shaiLower or aeeper than hemispheres respectively. Craterlng

e.fficiency VI/F ii:. appro:Kilmatey constant within this region.

Within this region, the logarithrnic penetration
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• 41.0 L'

So e I+ /C (5.23)

where PI pt is the density ratio and B = ptV2 /Ht

is the Best Number, may be approximated by

or Eq. (5.1). The two equations may be seen to be equivalent
roughly between the limits

7 S.. 7,• - < 3 6 (5025)kL

from Fig. 4.2. Particularly for high strength projectiles,
the limit Eq. (5.4) may occur at a higher velocity than
Eq. (5°25) above and Eq. (5.4) should therefore be -used as
the lower vclocity limit.

-5..6.4 Hypervelocity Reiqn

Within this region, the strength effects are

negligible, and Bjork's theory may be expected to be valid,
Craters may be expected to be hemispheres. Within this
region, the logarithmic penetration law may be approximated

by

k k= (5.26)

i.e. the penetration is approximately proportional to V
From Fig. 4.2 the approximate limits of the approximation are

,_____L (5o27)
6+ < k- 'X 36"0
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However, additional effects not considered previously

may enter stroxigly into this region. .n particular, target

melting may become importat. It is difficult to assess the

magnitude of this effect at the present time, but it may be

expected to lead to an increase in penetration and crater

size,, Thus, the above remarks concerning the hypervelocity

region must be considered speculative at this time.

The Best Ntnuber may be seen to have the meaning
of the ratio of a pressure (.,V') to material strength (H

It can be seen that at extremely high velocities ) ',2/3PtV/k2

approximates the- initial interface pressure P- for typical

values of k 2 given in Table IV. (See Section 5 o4- 3 ) It

may be preferable to define a non-dimensional parameter P !IIt

and find least squares fits to Eq, (5.16)

p 
P If

-= k, !•;ik ( + - , ) (5.28)

This; would permit redefinition of the limits of the regions

of i.mpact En... (Q-27) annd r , 26) :in terms of " /Ht . which
wiLl. be preferable from the point of view of physical inter,

pret rion,

j~7Discnssion

A quite deta.led qiiaitative understanding of

cr.-t,ý.-rtng has been gained lrai, experimental studies using

X. t'v and high ;peed optical photography and other active

rean-,ring techo,-ques., and from detailed theoretical analyses

suh as that c.rried out. by Bjork1 2 8 o When data from a large
v;JiVrJev of materi8 1o ,ibinarions and over a wide velocity range
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are assembled and compared, the effects of the conplicated

phenomensa accompanying penetration on the crater depth and

J shape can be seen,
U

It is not surprising that simplified theories,

presented previously, are unsuccessful, since in each case

they neglect many phenomena important to the eratering

I process°
Even Bjork's theory, which correctly takes geo-

metrical and compressibility effects into account, cannot be

considered to be realistic in the high velocity region, ex-

cept for low strength alloys, since the shear strength of

Ihe materials is neglected0  The velocity region, in which

strength effects are in fact negligible, is evidently much

higher than previously supposed.

It is also not surprising that so much confusion

and contradiction exists among previous empirical fits

derived from limited sections of the data, covering different

limited ranges in material properties and velocities, since

nearly all of the experimental data lies in the transition

region where strength effects lead to such complex behaviour,

and even the limited amount of data in the high velocity

region is affected by material strength to some extent.

Two empirical penetration laws have been derived

in this study which are more generally applicable than

previous empirical expressions0 Each is strictly limited

in the range of parameters covered, and in physical signi-

ficanzeo This is a property generally associated with em-

pirical expressions,
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The empirical power law

I " ( . 3. ± o-0.07) 4 6 (5. 28)

where i p/tt ii the density ratio and B = ptV2/Ht is

the Best Number, is limited to the high velocity region de-

fined in Section 5,4,A

On the other hand, Lhe empirical logarithmic law

P = 4-- (5.29)

with Constants k and R.2 tabulated in Table V may be

expect.ed to fit. only those material combinations for which. k

and k are determined empirically, but over the entire2p
e.._herimental vel.oye ty range,, The approximate equivalence

of ~q. (.5-28) and Eq,. (5.,9) where their ranges of validity

coincide, ha, been demon•t.rated in Section 5 ý.4,3 and 5°5,,

E:.trapolation of the empirical penetration laws

Fq. (15..28) and . either to other materials or to higher

velocities., hnr litt ie theoretical. or other justification.

In partl,.IAI.ar there is no "ustification whatever

for e-Ytrapol ating the empirical power law Eq,, (5,,28) to

higher velocitie.-, The argument has been advanced that the

cratering effici:eny V C/ wiJl. reni.n cointgnr. a• the
velocAit.y lncreta~ete. rhis in effec't implies that the partition

of energy ir., the va.rio-,- aiode , such as heating, energy trans'..

mitted to oth'r varts, of ithe target by the stress- wave vystem,
kine~Li.c- energy c•r#iad •ay by the materia throwo, out o0 the

criater, and en,,.-c dAtikA.Pated in plastic deformati.on, remains

constanL., Such an a•_.inption cannot b.z. ,.ibstantiated either
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from experj1nmental evidence, or from theoretical considerations,

at the present time.

It appears to be fortuitous that the transition
region strength effects act in such a way as to partially

cancel each other, so that even in the case of high strength

steel targets the extrapolated, logaritlhic law Eq. (5.29)

shows reasonable agreement with the results of Bjork's cal-

culation, up to 72 km/seco, Fig. 5.43. Bjork's theory may

be expected to provide an upper limit to the penetration,

since strength effects neglected in the theory, but operative

in the high velocity region, may be expected to reduce pene-

tration. Thus the logarithmic law Eq , (5.29) may be expected
to overestimate penetration at velocities below 72 km/sec,

and to underestimate penetration above 72 km/sec, for the
particular steels~investigated. No general conclusions about
eetrapolations for other materials can be drawn, and in fact

some other materiaJs may well behave in such a manner as to

lead to very large errors when Eq0 (5.29) is extrapolated to

high velocities.

Extrapolations can only be carried out with some
confidence, when the penetration law is based on sound theo-

retical grounds, and there is some assurance that phenomena

neglected in the theory do not become operative at higher

velocities,

The comparative success of the two penetration

.iw .. ... i 4 L # aLW ! n elementary material

properties, must be ascribed to the fact that there exists

a rough correlation between dynamic compressibilities and

strength properties, and static properties.,
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A penetration law to cover both a wide raUge, iJ,

material properties and velocities necessarily involves a
much more complex functional dependence of penetration on
material properLties K:han Eq. (5.28) and (5-.,29) It appears
to be a- hopeless task to deduce such a functional dependence

from the present penetration data, both because the present
data has large uncertainties associated with it, and because
the data covers ins'ifflicient variation in material. combina-

tions and velocities0  In particulatr very few material com-
binations have been investigated in the high velocity region,,

It: seems appropriate therefore that further theo-
ratica] work be. undertaken in order to guide the formulation

of more realistic penet-ration l.aws. The understanding of
the penetration process,,. provided by Bjork's analysis cannot
be underestimat'ed,, It is to be strongly ulcged that theoreti-
cal work be directed. towards extending an analysis of the

type used by Bjork to lclude shear strength of the target
and projectile.. Stnice melting may becoane extensive at very
high velocities, and will have the effect of reducing the
shear strength, this;ý should also be considered.

Such ano. analysis will provide qa.nt. itative infor..

matron aboit, the, vqriovm strength effects operative lit both
the transitilon and high vlctoci:ty regions, and thus aid
in interpretation of exKprriment.ai resiuits and guide formula-.
tion of rea isiti perwetration laws,. Th•rthbernore, such an
nnaiysis will provide a more rational ba.siS for v-w-Ktrapolation
to veloc.iL1-7 higher than those which may be inve:tigat:d
es" peri mental .I ,
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SECTION VI

OTHER PROJECTILE-TARGET CONFIGURATIONS

6.1 Microparticle Impact

Although penetration appears to scale quite well

with projectile size over the range of projectile sizes

conveniently fired in guns, or by cavity charge techniques,

there is a question it this scaling holds true for very

small projectiles, approaching the size of the grain struc-

ture.

While several laboratories have been actively

engaged in developing projection techniques tor micro-

particles only three groups have reported cratering

results by projectiles under 200 micron diameter. Anderson

et a16 0 '62 at Stanford Research Institute projected 100

150 micron stainless steel spheres at velocities up to

12,500 ft/sec. against a variety of targets. The particles

were individually projected by cylindrical high explosive

charges. (Fig. 6.1) Friichtenicht et a15 6 at Ramo Wooldridge

used an electrostatic acceleration technique to project 1 -

10 micron carbonyl iron particles at velocities up to 6000

ft/sec against lead targets. (Fig. 6.2) Gehring et al2'8 ,1 0

at Ballistics Research Laboratory used a specially designed

shaped charge with cast iron liner to project a cloud of

particles of 50 to 200 micron size, a special shutter being

used to allow only particles with a velocity in the region

of about 32,000 it/sec to reach the target. The size
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distribution of resultant craters (about 500 per target) was

then correlated with the size distribution of particles obtained

by crushing a simi* ar cast iron liner with pestle and mortar.,

Although several target marterials were used', only crater dimen-

sions for lead and copper targets have been reported at this

time,. Crater diameters were measured. However, based on

Gehring's obierv,-ition that the craters were nearly hemispher-

ical, corresponding penetrations are plotted in Fig,. 6o3.,

The microparticle results show a large scatt.er,

associated partly with the experimental difficuities of

accurately aieasurIng projectile and crater sizes and pro-,

jec•tile velocity.. However some scatter is probably due to

the ee.fect of grain boundaries and local anisotropies ina
the target material., Gehring has shown contours of craters

produced in coarse grained copper and copper single crystals

by 200 micron cast i.Ton projectiles, The penetration appar-

ently is affected to some extent, by grain orientation., and

the presence ol grain boundaries. Anderson has observed

similar eftects.

On each ot Fig. 6. i t.o 6,23 curxves represent.ing

Chartets and Lockes s28 empirical ex press ion

r fp) 7V 3

have been inserted,, This e-,pression fj•dequately lit.s penet.ra-

thon data in lead and copper targets tor large projectiles in

thc velocitv range ot interest here The microp;,-rtic.les results

lie coosistently below the empirical curve., However, the dis-,

ci.opancv is probabLy mainly Jiue to the fact tbat al.1. of the
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micropartLcle craters were measured to the top of the

projectile rtatrial remai1ing in the crater (except Gehring's

results, in which crater diameters were measured). Anderson's

results further may be affected by mass lost by the particles

during explosive accelerationa and subsequent ablation.

One may conclude that within the present large

experimental, uncertainty it is impossible to distinguish

if microparticle cratering follows a different penetration
S~lawo

6.2 Oblique Impact

Cratering due to projectiles approaching the

target at oblique incidence is of great practical interest.

However, oblique impact has received relatively little

attention.

In the high velocity region, in which nearly hemi-

4 -~spherical craters are formed in normal impact, several

experimenters have noted that nearly hemispherical craters

are also formcd in oblique impact up to some critical angle.

(Fig0 6°4) Beyond the critical angle, the crater becomes

asymmetrical, with greater depth and steeper sides towards

the direction from which the projectile approached. At

grazing incidence, the crater becomes very elongated, and

it has been noted that the projectile ricochets, and is

capable of producing further craters in adjacent targets,

Spray patterns, Fig. 6.5, and shock patterns, Fig. 6°6,

also show symmetry below the critical velocity, asymmetry

above. The critical velocity is clearly a function of

velocity., Fig. 6.7 shows craLers in lead produced by

steel projectiles. At 7,000 ft/sec, a symmetrical crater
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is formed at 30 incidence. but not at 600 incidence,,

An increase in velocity to 9800 ft./sc however results in

a sym-metrical, crat-cr at 60 0 incidence, No systemiatic experit-

ments hiave been carried out to determine the dependence of

the cti.ical angle ot incidence on velocity rox various

materials .

Data on cratering has been reported by Summers

iar copper project-iles impacting copper targets at /,0000 and

11 000 tt/sec-c (Fig 6. 13. 1 nd by Kineke5  .Fig.. 6.9), tor

steel discs impacting Lead targets at 16,400 ft/sec. Both

experimenters noted that: the data. tor oblique impact com-

pared very well with that: for normal impact,, ii pcnctration

versus the normal component. of velocity is plotted. The

oblique impact, data depar:ts from the normal impact data at

about: the stoe critical angle at. which the crater ceases to

be hemispheric.al,

62ý s eotmcoatiiAnderson (Fig.. 6,,in.), also report. microparicle

crate,ring data. at. oblique 6ogles, i"he scatter is such that.

it is not. possible to deteynine ii the 600 and 300 incidence

data depa-rts from the normal. incidence data when plorted on

the basis of normnal component. oa werocitrv.,

In the high velocity Legion (Sect.. 5.J..) it has

already been noted that crater iiotume is approximrutelv

proportional to projeet4.ae energy at. normal incidence.. Thus,

below the critical .,gle one might. expect that crater volume

would be proportional ro the normal componeot u.i projectile

Oeut±1gy Biwevet BItah;i5 has noted that- _he ratio ot crater

voLume to projectAile energy appears t.o be -). linear function

ff cos.. t- i e.



to angles beyond the critical angle. (Fig. 6.11)

Bryani 3 6 has also given a simplified theory for
"predicting the ratio of major to minor diameter of the crater
mouth for angles of incidence beyond the critical angles.
Tt is assumed that the projectile simply generates a spher-

ice! hole concentric with itself, which expands at constant
velocity Vr Choosing moving co-ordinates such that the
projectile approaches the target vertically at velocity

4 V cos •, and the target moves laterally at velocity Vs

V sip •, the crater will cease to be spherical when VS > Vr
The ratio of major to minor axis is then simply

2. Vs+V

Assuming V. = k V cos 0

I ( I) (6.2)

and the critical angle at which the crater begins to elongate

is (at p = 1)

k = t 3, 00 (6.3)

A refinement was introduced to allow fnr the
I finite size ot the projectile, of radius R , which by

similar reasoning results in the equation

I
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where D is the minor diameter of the final cratcr. The

value of P0 must be supplied by experlment.

The theoretical curves for both cases are plotted

in Fig.. 6.12. Shown also h--re experimental points obtained

by Kineke5 Each point represents an average of 10 firings

using 1/2 inch diameter by 0.040 inch thick steel discs

accelerated by air cavity changes to 16,400 ft/sec, the angle

of incidence being varied from 0°0 o 690 The value of

the critical angle used in the experiments was obtained from

Kineke's experimental data. The projectiles spalled during
acceleration, and a diameter of 0. 3 inches was used in the

theory The cxpc imenLal poiriL6 lie between the curves ne-
glectirg the projectile size, and taking the projectile size

into account,. Since the projectiles tumbled in flight, and
the attitude at the time of impact was not known., such scat-
ter may be expecte'd and the agreement is therefore quite

encouraging,.

0,..3 Rod Impact

Rela.ije1 v it t'itle experimentaJ. work has been done
with projccrile.t; oi length to di;_eueLer rzatios much greater

than unity,, despite the evident advantage tor oftensitre
systems Figure 6 13 graphicalLy illustrates the greatly

increased penretration per unit mass obtained by rods (moving
in i'he di-rect-ion ot the longitudinal ax:is) as compared to



,,] penetration obtained by spheres aud cylinders -of unit

lengt.hdiameter ratio. Unfortunately direct comparison of

penetration in the two cases is uncertain since different

aluminum alloys were used as targets, and rod velocities

'were rather low0o

No systematic study of penetration as a function
oi length/diameter ratio has been carried out, and, in tact,

at this time, results of only three studies have been pub-
lished. Summers and Niehaus used rods of L/d between

6 and 10 at velocities up to 10,000 aft/sec against lead,
copper and sLeel targets. Allen and Rogers48 used rods of

L/d between 6 and 12 at velocities up to 10,000 ft/sec
against 7075-T6 aluminum, and Slattery and Clay23 used

rods of L/d between 8 and 15 at a constant velocity of

8s500 ft/sec against aluminum. Results are plotted in
Fig. 6.14 through 6,.20.

The phenomeaaa accompanying rod impact differ

somewhat from those accompanying impact of projecle6s o0
about unit L/d ratio. It may be expected that the shock

propagating upwards into the projectile is rapidly n tenu-

ated by rarefactions from the unsupported sides of the rod,

which lead to rapid lateral flow of rod materIal, Thus the

disturbance travelling back into the rod would be expected

to move at sonic velocity. Two types of behaviour may then

be expected according to whether the disturbance is carried

above the original target surface,, ie.,e the impact velocity

is below sonic velocity, or the disturbance is carried below

the original target surface, i.e. supersonic impact velocity.

In the latteT case. the flow after an initial transient

period may be expected to be almost pseudo-stationary until
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all of the rod material has been reached by the disturbance.

There would then be a final transient period during which

the projectile and target material move under the action of

inertial forces, resisted in the latter stages by the strength

of the material involved.

The difference between rod and compact projectile
behaviour• Lherefore lies principally in the existence of the

intermediate pseudo-steady flow period at supersonic velocities.,

which is absent .in the case compact projectiles. (See Section

5.1)

Slattery23 has noted different crater shapes.
depending on whether the impact velocity was above or below

the sonic velocity in the projectile. Subsonic velocities

were observed to lead to cone shaped craters, while super-

sonic velocities lead to cylindrical craters. Such behaviour

may he ewperrted, since 1n the subsonic case, the disturbance

reaches the back end of the rod and is able to decelerate
the rcd. The 'I-tter parts of the penetration process then

occurs at lower velocity, Hence lower lateral velocities

are induced, and less expansion of the crater may be expected,.

Figure 6.21 shows a crater in which the impact velocity was
so low that the rod uas decelerated to a velocity where material
strength halted the flow before gross deformation of the back

end of the rod occurred

Allen and Rogers48 attempted to use shaped charge
jet theory., (Section .3,,2) essentially titting their data Lo

Eq., (3ý34) by suitablc choice of the constant k - !/2 P V2

p 0
The semi-empirica-l curves are inserted In Fig. 6.14 and 6,15..

The value of the constant k was found to compare well with

expected yield stiength of uhe 7075-T6 aluminum alloy under
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dynamic conditions.

In the case of gold rods, the penetration was
found to exceed the predicted values at the higher velocities.

It was found that the assiuned ..ed.ual velocity of the projec-
tile,. (2v - V) where v is the calculated velocity of the
target-projectile interfacewas greater than v. 1, the

velocity below which no penetration occurs due to target
strength. Thus it was assumed that secondary penetration

was caused by the projectile material, of magnitude pre-
dicted by shaped charge jet theory, Eq. (3.34)., with initial
projectile velocity taken as (2v - V) 0 Results of this
calculation are inserted on Fig. 6.15.

On the other hand the data of Summers and Niehaus 3 1

in all cases lie well above semi-theoretical curves derived

in the same manner, and in fact, at the higher velocities,
lie well above the npnetration predicted by simple jet

theory p/L - /Pt which sets an upper limit to Eq0 (3-34).
See Fig. 6.17 to 6.19. Secondary penetration which is only
possible at these velocities in the case of tungsten car-
bide into copper, Fig0 6.18, and tungsten carbide into lead,
Fig0 6.19, is insufficient to account for the large discre-
pancies. Thus it is premature at this point to place rn-
liance on jet theory. Figure b.20 indicates that there is
little correlation on the basis of densi.ty ratio at a con-

stant velocity of 6,500 ft/sec when the results of Allen48

and Slattery23 are compared.

Both Allen and Rogers 4U and Slattery and Clay23

observed that the penetration oi rods was alfected very

little by the angle of obliquity of the target, provided
the rod remained unyawed (i.e 0 moved in the direction of
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its axis) However e-0#ry and Clay" have shown that the

penetration is critically dependent on the angle of yaw.

Figure 6.22 shows a typical crater produced by a yawed rod

"in aluminum. The section was taken in the plane of the yawed

rod.. At right angles ot this section the crater is two or

three times the rod diameter eii widtlI and is thus a narruw

elongated slot.

Slattery and Clay* have suggested a simplitied

explanation for the crater shape

V IV

The total length of the rod does not contribute to the

penetration,, The crater expands radially, and thus is inclined

as shown.. When the rod has penetrated to a depth such that

the rod intersects the crater lip, it is assumed that primary

penetration ceases, The remainder ot the rod then prestmnably

continues to excavate material from the intersected side of

the crater,, The length ot rod active in primary penetration

depends on the radiu,4 of the crater. The tollowing assumptions

Private Conmmunication
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2

2• were made to estimate this radius

a) the interface moves at constant velocity v

A b) the crater on any plane parallel to the surface

is cylindrical of radius r , centred at the

point at which the rod penetrated the plane.

c) the volume of the crater is proportional to the

74 kinetic energy of the rod.

For these assumptions the radius of the crater r will

be given by the equation

~r&~ (V -~ V) 1 r r' (6.5)

"where R is the radius of the rod, and Kt is the
energy volume ratio E/Vc found for compact particle

impact. Values given by Feldman (2.6 '-t ) were used,
but results have also been computed using K, found in
Section 5.3° (3.06 (pt/ip) Ht)

If the interference occurs at a depth p , then

the portion of t-he rod already in the crater will c.ouinue

to penetrate, The final depth of the crater is then

S. I÷ V -v(6. 6)

Further for a constant yaw angle 0 , from the

diagram
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which using Eq. (6.5) and (6.6) becomes

~v4 v~ 7~ 2(6.8)
P4 V- t

In normal impact

L V-v

so that Eq. (6.8) may be evaluated using empirical values
of p/L found in nor-mal impact experiments.

The crater shows a residual penetration, Fig. 6°22,
assumed to be due to the cross hatched part of the rod in the
diagram above, ot length 2R/P o This is assumed to lead to
an added penetration

P Vv (6.10)

so that the total penetration is Pt = P '* P r A compari-

son of measured penetrations and penetrations calculated

on the basis of Feldmciip.-9  x and that given in Section 5.3
are shown in the table below. Values of p!L for normal

impact have been taken trom Ref. 23.

130



1

Calculated Calculated Rod
Yaw (Feldman) (Sect. 5.3) Measured Material

Pt Pf Pt Pf Pt Pf

r- - 40 0.469 0.217 0.600 0.277 0.344 0.125

60 0.312 0.1.45 0.400 0.185 0.250 0.156 Lead

10 0.188 0.087 0.240 0.112 0.187 0.152

- 30 0.573 0.229 0.631 0.252 0.500 --

6 0 0.287 0.115 0.316 0o127 0.250 0.125 Copper

100 0.173 0,069 0.190 0.076 0.156 0.120

Penetration Depths in Inches
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6.4 Finite Thickness Targets

Cratering and penetrat ion of thin targets by
high velocity projectiles has not received as much atten-
tion to dafte- as cratering in quasi-infinite targetsý While

a number of studies have been reported, none of these are
dircetly comparable sinee dif,'erent experimental conditions

were used0  Hiowever., sufficient work has been done to dis-

tinguish some important phenomena in thin target cratering.

G.4.1LRlativel Thick Targets

Cratering in. relatively thick targets which are
not completely penetrated may give rise to damage at the

reari surface of the target plate. (Fig. 6.23.) This damage

may range from the appearance of a zone of slipped and

deformed grains near the rear surf-ace opposite the crater 3 4

to the appearance of internal cracks and bulging of the

rear surface, to complete detachiient ot a segment- ol. target
12material, term~xed pal.The damage is undoubtedly due

to the retiection and interaction at the rear surtace of
the wave propa-gated into the target. Maiden et al11 2 report

spall thickness as a lunctio-n target thick-ness at constant

p-rojectile vielocity and as a funct:ion 01 projectilei velocity

at constant t~arget. t~hicknipss or -steel targets at velocities
up to 13.000 tt:/sec.

Trhe presence of damage at the rear surface
generally is accompanied by a greater crater depth Lhaqn in
a correspond.in~g quasi.-Infini~te target.. Kinard eL al3 havere
pertted a stuidy of- th (Afect- of target lf-hic 1 nes; on penetra-
tion ot steel avid aluminum projectile-q into aluminum targets
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at impact velocities between 5,000 and 13,000 ft/sec.

They conclude that for the velocities used in their

studyv the penetration is affected by target thickness

provided that the penetration is greater than 20 percent

of the target thickness. It was found that a projectile
could completely penetrate a target whose thickness is

approximately one and one half times as great as the

penetration ot a similar projectile into a quasi-infinite
target. Some results of this study are plotted in Fig. 6°24.

6,4.2 Thin Targets

Thinner targets which are completely

penetrated exhibit different behaviour depending on the
¶ projectile velocity, target thickness, and materials

involved.

At relatively low velocity,, penetration is
accomplished by modes tamiliar in armor penetration work.

The resultant hole is nearly the same size as the projectile,
which suffers very little deformation in the penetration pro-

c cessG75 As the impact vlocity Increases, the projectile
suffers increasingly severe damage; plastic deformation and
"1"mushrooming" if ductile, or small pieces being spailed

from the projectile if brittle. The resultant hole in the
target plate consequently becomes appreciably larger than
the original diameter of the projectile, and may become

conical, increasing in diameter towards the rear surtace

as the projectile cotLinues to mushroom, or spall during
75

the penetration piocess ,5 As the impact velocity in-
creases., more severe breakup or flow of the projectile is

observed with consequent further enlargement oi the target
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hole, until at: relatively high velocities, both target

material and projectile material are ejected from the rear
of the target in a spray of small particles distributed over
a solid angle of 90 degrees or more, with a considerable

amouL o --t e-it 2°al a bI ejcted from the front of thetaret lat39°24
target plate 3 2 The resultant hole in the target plate
is typically several times the diameter of the original pro-

jectile. These effects are illustrated in Fig. 6.25 and
6026 by frames from high speed framing camera records of the

penetration process.

These phenomena are evidently analogous to those
occuring in semi-infinite targets and have led several inves-
tigato-;- to distinguish similar regions of impact, namely;
low velocity region (undetormed projectile , armor penetration);

transition zegion; and high velocity region.9 (hypervelocity

or fluid impact region). Several diiterent typjes of experi-

ments have been carried out, as illustrated in Fig. 1.1 d, e,

f. Each of these will be briefly discussed.

6.4.3 Complete Penetration of a Single Thin Target

Several extensive studies have been carried out
involving complete penetration of a single thin target in

the armor penetration region where the projecti].e is rela-
tively undeformed. Ot primie concern are the kinetic energy

lost by the projectile during penetration and threshold velo-

cities corresponding to certain confidence levels that the

target will be just penetrated, (iLe. probability of penctra.

tion 0, 1 or 0.5, the velocity corresponding to the latter
being know-ni as the ballistic limit), This type of study is

not considered here.
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A preliminary study of hole diameters and spray
particle distributions for single thin targets p.n.trated

in the high velocity region have been reported at BRL 5 3

at 11i,100 and 16,500 it/sec., Results of hole diameters

as a function oi target thickness are replotted in Fig. 6.27.

A statistical study of hole diameters produced

in thin Mylar and Testar toils by cast iron particles of

less than 100 micron size at about 36,000 it/see has been
11

reported by Richards and Gehring .

6.4.4 Thin Shield

ThMee st[udis (A peneLraLiun in a semi-iniiniLe
target protected by a thin shield located some distance

in irout ot the Larget have been reported, Olshaker24

studied lead targets and shields impacted by lead and steel

projectiles at about. 6,000 ft/sec0  Funkhauser studied
aluminum targets and shields impacted by copper projectiles

, at velocitIes ranging from 1,000 to 12,500 tt/set., Wal!oce

et a1 2 2 studied aluminum targets with a variety of shield

and projectile materials at velocities up to about 17,000

it/sec. Untortunately the data tor the latter study was

not made available tor comparison with the other two
A studies. Some results ot the tirst two studies are plotted

in Figs. 6.28, to 6.30.

b.4.5 Multiple Thin Targets

"A number ot studics of pcnctration of multiple
spaced targets have been reported. Some ot the early S33
studies have been largely qualitative. Nysmith and Summera
fired glass spheres at aluminum plates. varying the number of
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plates and plate thickness such that the total thickness of

the combined plates remained constant0 They found the thresh-

old velocity to just penetrate all of the plates for each con-
figuration, (Fig° 6b-31). Halperson and Fuller 5 3 found the

total number of 1/16 inch thick aluminuum plates spaced 4

inches apart penetrated by 1/4 inch steel spheres as a func-

tion of velocity, (Fig. 6°32). Projectile breakup is indica-

ted by a reduction in the number of plates penetrated as the

velocity increases.

bo4o6 Thin Target Theory

The numerical solution of Bjork (Section 3.2l)

is equally applicable to thin targets as to quasi-.intinite

targets. All that is required is the addition ot a new

boundary condition, specifying the rear surtace of the target0

While several such cases have been computed, published results

were not received fozr inclusion in this study0

A simplified theory for the angle of spray produced
by the impact of a very high velocity projectile on a thin

shield has been given by Lull 1 0 2

The projectile is assumed to punch out a section

oi target plate ok area equal to the presented area of the

projectile, Shortly attei, impact, the projectile and punched

out section of target plate are assumed to have moved out oi
contact with the remaining target, and no further interaction

with the remaining target is expected., At this point the only

1L_ 6
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part of the remaining target which has been affected
by the impact is that behind the shock wave proceeding

from the edges of the hole. Any enlargement of the hole,
spall or lip formation must be a result of energy SUuvod

behind the shock. For a thin plate this energy is assumed

II to be negligible compared to the energy contained in the
projectile and punched out segment of target.

The momentum balance then gives

The energy balance gives

where Z E is the increase in internal energy of the pro-

jectile and target segment0  Thus

J ;-" h• •' •,o 3

The projec.tile and farget segmnent are assumed
to shatter, and all. of the ikcrease in internal energy is
assumned to go into acceleration of- the material in a radial



ftfretinIl.The- pr-Cjectile a-,nd shileld material. are therefore
as-•mTe.d to be distributed throughout: an expanding sphere of

radius R a the center of gravity of which is moving at velo-

city V 2 The kinetic: energy due to radial expansion of an
eetenit. of the sphere is

V o rnv¾Ar f ~

where V3 is the radial velocity at the surface. Hence

- 4 f- r (6.14)

0

Noting that the mass of the sphere is

3 t

(6z15)

Thus from Eq. 6.13

V = - '- -- 'V4 (6J16)
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The leading hemisphere of material is moving
at higher velocity than the txailing heImisphere, and con-

t ains most of the kinetic energy. it would intersect a

circular area on a second target plate subtendi.ng a hali
angle e2  at the shield

S r,6 (6.17)

The trailing hemisphere would alfect a larger
area of target, but may be expected to produce relatively
less damage since it contains less energy. The circular
area. intersected by the trailing hemisphere subtends a
half angle G1 at the shield

Thenc arejo ,nser'ted in Ftg<, 6,.3r) tor comparison

with experimental data.

i•,• 6.4. 7 Discussion

None of t.he tsidie; reported to date are directly
comparable. The dara iF lar too scanty to allow .. att.mpte
corxelatIon0  Some qu.Vitati.ve remarks may however by made.

i-ojecri.Le breakup i indicated by a drop
total penetr.at-ion in a. gtiren projectile-target, configuration
as the velocity i, increased.. SimI.iaxly a relatively sharp
drop in ,•otai. penetration oc.curs as the p.ate thickness i.s
Increased at constr.iit. velocity, i, ndicating projectile break-,
Up. Thus .ondJtion._ roughly ,oxresponding ro projectile

breakup may be estimat:ed for several of the st~udles e'onsldered.,
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The velocity aL which projectile breakup occurs

appears to be a function of plate thickness as well as

projectile and target material,, thicker targets requiring

a lower velocity for projectile breakup°

There appears to be some correlation between the

diameter of the hole produced in a thin plate., and the

cone angle over which the plate and projectile material is

ejected from the rear of the plate (Figs. 6.27 and 6.30),

both increasing with plrte thickness at a given velocity.,

This again implies that, the projectile experiences more

severe breakup as the plate thickness is increased. or

constant velocity.. Lull's theory shows the same trend.

As the plate thickness is increased further (beyond about

half the length of the projectile in Fig. 6.30)., the spray

angle no longer increases, and later decreases, Undoubtedly

the spray angle continues to decrease untilthe plate is so

thick that it will not longer be completely penetrated. Tn

Lull's theory the angle continues to Increase witb plate

thickness. The disctepancy ar-Ises since his assumption

that the target is thin is v,-•l te&d

The total depth of penetration in a shielded

target or multiple target. is! also a function of pellet

breakup. As the shield plate thickness increases (Fig. 6,,28).,

and the spray particles are distributed over a wider area,

the penetration of the prime target is reduced. At about

the shield thickness at which the spray angle becomes con-

stant, the penetration in the prime target also becomes

constant,. The Loal penetration (shield plus prime target)

therefore goes through a mi:nimtim,, and incl.eases with further

increase in shield thickness. The optimum shield thicknea2
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appears to be about, Oý4 times the projectile length, from

Fig. 6o28oWallace22 states that the optimum in his study

also= les at about the same shield thickness ratio.

Total penetration is seen to oecrease with increase
in sbield spacing (Fig. b.29) until at some optimum spacing

no further reduction in penetrati~u is achieved. It appe-ars

that beyond this spacing each particle in the spray strikes

a diiterent, portion ot the prime target;, while at smaller
spacings several spray particles may strike the same loca-,
Lion oxi the prime target, leading to greater penetration.
The tact that Funkhauser - nd Olshaker find different o.ti.

mum spacings aod minimum total penetration suggests that

the projectiles used in the two studies suffered different
degrees of breakup at the particular velocities usedL

A Tb.ese efxects are illustrated in Fig. b.33 where
it may be seen that an increase in, shield thickness., or an
increase in shield spacing lead to increased angle of spzay

and decreased penetration.

Waliace noted rthat the spray angl,, r.alculated
on. the ba,•J.a of spxav di.ameter at the prime target. and the
qhie.1d •pa-Ang:, appeared to decrease with increasirng shield
spacing, a.I, ov.he& pasrmeters being maintained const.ant,,

This sugges?:.s t'ha the spray particles actually originate4 in an. area, i,• the pr'ojectiie above the lrevl of the shield,
an effect. also noted Iyy BRork in his machine calculations..

it, is c Lear thal much mcoe experiment-Wo-,'on i1

requixed.,, before .1uantitattqe trendi ,nay be diJ•ting•i•shed-

Prirvate Communica.ion
I



Ideally, the particle size, mass and velocity distributions
in the spray ejected from a thin target should be measured
as a function of target thickness and velocity, for given
projectile and target materials. The effect of a given
spray on a subsequent target should ideally be investigated
separately. In this way the possible parametric combina-
tions to be investi"gated are minimised, and comparison with
possible theoretical analyses facilitated.
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SECTION VII

CONCLUSIONS

Available information relating to cratering and

penetration by projectiles in the velocity range where the
4 projectile suffers major deformation or breakup has been

surveyed. Much of this information is collected in this

report for ready reference.

While a great deal of experimental data has been

generated, most of this data shows considerable scatter, and
in most cases, insufficient information about targeL maLeLial

properties has been reported.

Most of the experimental work relates to normal

impact on quasi-infinite targets. Although a very wide

variety of target and projectile materials have been used,

projectile ve-Locit'es for most of these have been restricted

to the transition region. Almost no experimental data exists

above 7 km/sec., Two empirical, expressions have been deduced

.hich are more generally applicable than previous expressions.

The power law (Sect. 5-33) is restricted to the high velocity

region, defined in Section 5°6, while the logarithmic law

(Sect. 5.4) fits the experimental data in both the transi-
tion and high veloc-ity regions for "ductile" projectile

behaviour,. Both expressions are good fits to the data when

constanLs appropriate to the projectile and target material.
4are used, and are therefore useful for interpolation. Extra-

polations to higher velocities may be expected to lead to

large errors,

Only very rough correlations of the constants
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in the. empirical expressions with elem~enrtary material

properties can be found, so that predictions of penetra-
tion for projectil.- and target materials other than those

for which sufficient experimental- data exists, may be expec-

ted to be subject to very large- errors. That some correla-

tion. exists at all must be ascribed to the fact that somec

correlation exists between dynamic compressibility and
strength properties, and eleM-entary static- properties of

the materials involved. Furthermore, in the case of the

logarithmic law, it may be expected that a. much more complex

functional dependence on material properties will, be neces-~

sary in order to a.c~omodatp the many complex transition

region strength effects. It appears to be a hopeless task

to deduce such a fuinctional relationship from the data, due

to the large uncertainties in the data, and the limited velci-

city range of the data for most material combinations. An

adequate functional relation must be sought on theoretical

grounds,.

The available theories applicable to high velocity

cratering have been Jfounid to be :Lnadeq.qoiate in the experimental

velocity range. Most of the theorlets were intended to describe

cratering at much highc.x velocities and are therefore very

simplified, gen~erally negilect~ing strength effec~ts, or Intrao-

ducIng a simple. correction for !Žtrength effects. It has been
foa.ird that strength effects are importa~nt at. much higher velo-

cities than previamt~sy ýlupposed, In particular. strength
effects are importanta ia the highý v..A.ocity risgion, which is
of prime interest. for missile and space vehicle. applications,
A good qualitative unde~tstanding of physical phenomena involved

in the rratc.,ring process has be en gaincd, lIt is appropriate
therefore to attempt to develop at; more real~istic theory at
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this time. The theory will necessarily have to include

realistic nonlinear compressibility, geometric and strength

effects in order to provide a realistic analog to the cra-

tering process,

For projectile-target configuration other than

noirnal impact of compact particles on quasi-infinite targets,
relatively little experimental work has been reported. In

general sufficient experimental information exists to dis-
A tinguish qualitative pbysical behaviour, but insufficient

data exists to attempt empirical correlations,, Theoretical

work has generally been limited to simple semi-empirical
treatments which have showmn limited success in some cases.

It muat be concluded, therefore, that at present,
no reliable predictions of cratering and penetration can be

made for velocities materials and configurations other than
those for which experimental data exists.

Further experimental work is required, particularly

for impact by projectiles of high or low length/diameter
ratios, by projectiles at oblique incidence, and for impact
on thin targets.. Littte is to be gained from further experi-
mental work on quasi•infin:Lte targets, except at velocities

over 6 kmisec, However, care muist be exercised in the de-
sign of e~perimental programs,, Since additional independent
variables have been introduced, it will clearly be impossible

to carry out comp&iete empirical su-rvfys in whi.h all of the
experimental parameters, are varied over the entire range.
Thi 'wouald objio,.isly leand to an ex.perimental program of
prohibitive magtimiude,
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It seems imperative to carry out theoretical work,
so that adequate scaling laws nmay be deduced. Once scaling
laws have been established, intelligent experimental pro-
grams may be designed to supply the necessary constants, and
the experimental work may be reduced to manageable propor-

tions.o
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APPENDIX A

Zaid's Theor 10

The fluid in the zone between the penetrator and

target is at tim.e t situated in a cylinder radius r ,

A and height h At time (t + dt) this will be a cylinder

of radius (r + kodt) with thickness (h - f.dt), where

is the velocity of advance of the projectilec For the

conservation of mass of this incompressible fluid

Irrh = (r + O)- (A.1)

where ra is the average fluid velocity over depth h•

This reduces to the equation

__ /(A.2)

from which, on differentiating,

"r -(A.3)

An element defined by r , rdO , h in the fluid-

zone will lead to the equation of motion

I

r. . . , t 7 9. A
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dPa dP

where y Y is the average of u- over the depth of the

fluid zone, P is the pressure within the fluid, ru is the

shear at the projectile-fluid interface, and dA an element

of area in the radial direction. Using the conservation

of mass equation, the relation

(A.4)

where q is the velocity of penetration into the target,

the above expression reduces to

cdr

-- " '+ 2 "A j 5A. )

Integrating within the limits r and R. (7 independent
of r),

P ., 3

(A.6)

Defining the ratio of the average pressure to that at the

penetrator fluid zone interface as

ta d , k- (A,7)

the equation becomes

f'~r - r'IR) r R + h

(A08)
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The retarding force on the penetrator is

JR

, F !..,r) (R)

hence, the equation of motion of the peretrator is

2e R

0 r (A.9)

Zaid assumed shear relationships of the form,

k • y -(A.1O)

and two different fluid-zone growLh relationships,

FL (A.11)

where

•,• -- 3--• R ,r' --- (AoI12)

are the average values of rL a r', over a plane surface
area of radius R
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Three cases of fluid-zone growth relationship
have been considered, n = I , 2 , m = I

b kI R.

3 ýii- k F (A.13)

These lead to penetration-fluid thickness relations:

~.k' I~ ' _•_ + A_'
+ +

A.o 14)

R a, ole -3
R L ~ ~ H IIII

3

If the steady-state penetration dominates, a good approxi-

mation is p n-- pot Using this relation Case II has a solution

_., ,A ,+ 1 • ,/' ý

(A.15)
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This equation estimates that 97% of the steady-state

fluid-zone is established within the time the penetrator

has traversed one-half the depth of that zone. Thus, with

the exception of the transient effects, a reasonable solu-

tion is obtained on assuming steady-state conditions. In

the above equation this would be

Sh -k (A. 16)

Generalizing this to

-1 l1 (A.17)

and substituting in the equation of motion of the penetrator,

results1 for the approximation

k' 1  (A. 18)

(which Zaid considers to be valid in the range of interest),

in a solution

a~* 2 ~ (A.19)
3

Assuming that the fluid zone was of constant
thickness, the motion of the penetrator would be given by

the equations

g e (A 20)
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C (A. 20)

where A +
ir

B 3 
X

(A. 2 1)
i T

C k R

For C t <<1 , these reduce toA

I + t A.22)

In order to evaluate these equations it is necessary

to enumerate k .9 k' , b, , b2 , a , and in the case of con-

stant h, the value of h itself. Values of these constants

have not been given.

However, Za:Ld does consider a hypothetical case in
order to estimate the magnitude of the penetration. For this

Lhe 'Llow is assumed to be parabolic with a Shear stress rela-
Lion at the projectile-fluid zone interface

6 r,,
'rLL = .'A - k

where t-, is the viscosity of the fluid. The estimated ranges
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of material and other properties used were as follows:

(3 x 10"3)(0.O6 x 10-3) , p < .06 x 10-3 slug/ft.sec.

(water vapor) (molten iron)

Pp = Pt 15.2 slug/ft. 2

R = L ' 1/4 inch

LO R/h > 10-3

For an impact velocity of 10,000 ft/sec, the theory
which assumes a fluid zone of constant height, predicts
a crater depth anywhere from 3.8 x 10-4 inches to 4.5

inches, depending on the viscosity and fluid zone thick-
ness assumed.
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APPENDIX B

Opik's Meteoritic Impact Theory1 2 1

In solving the equations set out in Section TII,

it is easier to introduce the dimensional variables Pm - p/2R ,

Pm = p/2R , rm = r/R and = Pt/(Pt+ Pp) The problem

is now reduced to solving the equation

I S r, "k i/ ). ( (-•1)

for the intial condition t= 0 , rm 1, p =V/2R, and

• P m

I + (B.2)

V 5
SR 1 2.5

where

Z k l(B.3)
!.. k

The nonlinear differential equation could not be integrated
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directly. However, the reverse differential equation obtained

by the transformation,

S(B.4)

at d t - "fr dr

Is easier to handle. The transformed equation will be

Ly = -L r-MI *'I -- , \

for the initial conditions

R I+ Z (B.6)

This has the solution

(B.7)

where

rw, (r+-(),

(B.8)

6 k 1
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I- k: _ l

f ,0

The maximum penetration is obtained when rm - Pm

"The radius of the meteorite at this time, R1  is obtained
by placing rm = 0 , hence

I- M X j I V(B-9)
(iiz

and the maximum penetration, pmax , is obtained from rmax

1
_M _______R (B.10)
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APPENDIX C

Seanyukovitch Equivalent Explosive Analogy 1 3 3

It is assumed that a powerful shock wave
emanates from the point of impact of a projectile onto a

target which is capable of completely destroying the solid
media within a certain volume, and converting it into aj strongly compressed gas. The pressure at the front of the
shock will be given by the relation

4 r 3 (C.1)
S?-I

where r is the distance from the point of impact, n the
polytropic index of the expanding gas; P the pressure on
the front of the shock wave, and -q a parameter depending
oji n such that at n = 1, 7/5, 3 or 5, n is equal to 1/3,
1/5, 1/6 and 1/7 respectively. For strong condensations
of a gas at pressures above a megabar over a wide range of
pressure, it is assumed that n = 3.

The Rankine-Hugoniot relations across the shock are

S\ Jo /

'A/
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where e is the interal energy, Pt the target density
behind the shock, Pot the target density in front of the

shock, U the velocity of the shock wave front, and v the
velocity of the gas behind the shock wave front. This mode
of cratering will continue until the energy on the shock

wave front is less than ,

-2 (C-~3)

where { is the internal energy required to disintegrate

the target material. For the earth's crust Stanyukovitch

estimates • as approximately 3 cal/gmo From these equ-
ations, the radius r of the hemispherical crater fortned

during this mode may be found,

i - IL -i . YI +_ (C.4)

Now the ruean density of the energy throughout this crater is

3 -÷,I I

which for n = 3 (71 = 1/6), gives > = /2 This energy
density for impact into the earth. is of the order of the
initial density of high explosives, therefore the entire mass

of the substance in this crater is comparable to an equal
weight of high explosive..

Empirically, it has been found that the radius of
a crater p formed in the earth by the detonation of a mass M
of high explosive at the surface is given by

k- PI (C.6)
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that is

4 k (-i 7pV)

SFor n 3

S3 "p V•
p3 = k (c.8)

I
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SHOCK RELATIONS

The mechanical shock relations, derived from

the laws of conservation of mass and momentum are

U=v° ±• Vo• (D01)

5 and

ufwhere U is the shock velocity, v the particle velocity

V the specific volume and P the pressure respectively,
and ( ) refers to condition ahead of the shock, ( )I to

conditions behind the shock.

v v* Shock

7/,/ p

"".1u,,•//./ •, ro "// Interface

Ap, Shock
Target 

, ..
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Experiments137 to 151 havw shown that the relation

between shock velocity and particle velocity behind the shock

relative to the particle velocity ahead of the shock may be

represented by a simple linear relation to surprising accuracy

L)v r, + S (Vv (D.3)

where c may be identified as the adiabatic bulk sonic
velocity, and S is related to the change in compressibility
with pressure.

Eliminating V.L between Eq. (DA1) and (D.2) and
using Eq. (D.3), a relation between interface pressure P
and velocity V may be devised by considering the shock

moving into the stationary undisturbed target.

where P i/V Tepresents densi.ty0  Similarl-y by considering

the shock moving into the undisturbed projectile material which

has a velocity V

P~ . V V - VQ (.D,5)

Equation (D,.4) and (D.5) are two simultaneous
equations for interface pressure and velocity,.

Explicit solutions for P and V* are difficult
to obtain., but the solution can be obtained very simply by
plotting Eq. (D-,4) and (D,5) and obtaining the 80olution graphi-

cally, Since the intercept of Eq- (D.5) on the abscissa is
the projectile velocitT- V , it' is customary to draw the two
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/ curves on overlays, so

that they may be positioned
t /to obtain solutions for any

/ projectile velocity.
C- D. For the acoustic approxi-

mation, ioe. neglecting the

change of compressibility with

I pressure, S 0 and the above

curves become straight lines0

An explicit solution may be

v - found

SP " V-Pro -P. A~-,,c1,-V ~'P~(D 0 6)

V = (D.7)

The condition that the shock in the projectile

moves below the original target surface is U > 0
p

Applying Eq, (D1), (D.2) and (D.3) to the shocks in the

projectile and target, and eliminating the specific volume,

the condition reduces to

V > (D.8)

fio (v,-V)
which may be evaluated with the use of Eq,. (Do4) and (D-5).

Again a semi-graphical method is useful. Using Eq0, (D.5)
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and a simpIc trial and error procedure employing the

curves previously used to find P* and V* may be used.

When the projectile and target materials are

identical, V= V by symmetry, and

V (D- 10)1-. s•

In the acoustic approximation., S = 0 andp
Eq. (Dý.9) and (D010) reduce to

V > rp (D.11)

as may be expected.

Interface velocities and pressures obtained
graphically from P - v plots are plotted in Fig.. 5.1a

and b as a function of projectile velocity.. The V vs" V
curves are very nearly straight lines, over the velocity
range shown. In fact they may be approximated by straight
lines given by

V '(" £,•D, .12)

above a projectile velocity of about 3i km/sec with a maximum

error of about 20% for most materia.ls,. Corresponding approxi-

maLe values of 1 may then be obtained from Eq. (D,4),

While the approximation is not too accurate, it does aifcrd

a simple means of est:hinating interi•.ace pressures and densities

rapidly,.
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_ _ _T TABLE III POSTULATED EMPIRICAL EQUATIONS 1
PENERATIN LA TARET PROJECTILE JSHAPEISIZE VELOCITY IVSIAO

WAY(IGC) JA LIMIRTUM

tv~/~-\ )E
5 

] lEAD SPHERES '

Z INC MAZSU

I ALURINUNI ALUMINUMT -

11RRASS I R ASS HUT of Vt
AE MEADNSU CIlSP ERES IA

2.5SRESIUM--LISIII" M MANES:LJTIUM I~ ~F 8 a;- v '10(84 II* AGNESIUM LTIM MýNSLMIi~
iEAR j LEAD

ALUMINUM

, BRONE I SE.. A (N )

mp 
3

MALLORY JT10. 5 40 E.p... EC "R FG R(4

p' ý 12 EI41 TTITANIUM

LEAD STEEL DISC 1300 IA 1540 0 I p a RIRERE (3)

'1 (pI_ R4 .E I 1" 3; VANPLLE I .t ol

k LEA R L L HO SPH ERES S 1 IA B 510 0 P. (6 R)

V.WAXI23-C) WAXS(4C) SPERE S .Id.SSn

Id:.22;in,L QOSBR is

ALUMINUM 1A ALUMINUM

KLEOAL JMA'LLORY I-0 FRAGMENITS O... Io. S 60. p. pFIOPE 1KN1
dSTEEL STE:EL (7

2 t2Cp~p -(V '~ AALIMINUM2O4-

f ORp 1 c 'll AISINUM 2024-0 WAE

2p ~LEAD
CIC.P

ALUMINUM Al I.MINSM
CIIEII'I'k COPPER

1A5 MIZ d targt hiTnsRsI 541 IRON IRON

LEAD LE AD
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A10 l*tlISI1 0125,ý SITH"

ICOPPER o:125 A 0ilS)
CtfSIA UPhf 012"". Sl0AV

I AD IMAGNESIUM LISIIICUIA SPHERES o12.5 0Si" 1,00P URTR N OC4 Vl
I ST~IEEL 0.1?5 ~ 1.0+ .R N A

TS({ ~ IJ UAGSTE11 G12 SLUR09'
( 1 __ _ _ _ - - - - -__---

t ~ ALUMINUM I

M.GNESIUM l OO;L
NIEREI. iSSAIRI ESS STETL MICROPARTICIES ANS 2,300 -13,200 I p. A ANDRO (62)

IJISINI ESS - STEE

A LUMIN UM1

STFEL15UILM
\U /901 STEEL MATS I. TOM

2 ,FEL SEE SPHERES 02, H270 Vp I.

* ("P COPPER ALUINU
________ IEA S

3119.0(V K) ALUMIRUM AUIU PEE5 02
pAL It IOP[ COUPER~ C1111 AND ECA

STEL~ ýTEEL (L/51 0. no(-f-

cA DMIAM II
L OPPER I, ' _____

-~~ m~'V LES 1("2

ZINFC--__

* n''v~ III ~ - -- ___ -~ -A
2' -- pER-- 'j 17
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TABLE IV

EMPIRICAL FITS TO THE PENETRATION LAW

9c 2/ PtV2  1/3

p/ d k (---)
ptt

Pt H Pt 2/3 Hl 1/i p
Pt t Maxo Vel Yk) (923----t )/

Target(gm/cc-) (kg/unnL) (km/sec K Pt2 (

Al. IO00F 2.79 * 4. 3 7 *

KA1 2024 & 24ST 2,68 114-120 3v98 0.413 + 0.007

Cu, •36) 8.88 36 3,33 0,366 + 0,009

Cu. (65) 8.88 65 5.27 0.419 + 0.031

PbM 11.34 4 5.00 0.312 + 0.020

Sti., 1020 7.69 il 3.95 0.378 + 0.010

Stlo, 1030 7L69 123 3,96 0.371 + 0,0121

Sti, 30 RC 7.74 302 3.52 0o279 +- 0M004

Cd. 8,,66 23 5.01 0 309 + 0.046

Ag. 10.45 2.54 *

zn. 7.13 45 2.51 0.:371. + Uo014

Ht for these materials is unknown.. The values of - k/H4c 1/3
these are: (i) 1OOF Al. target, (0.287 + 0°008) x 103 cm./d ye1/3,

and (ii) Ag. target (0.277 + 0,024) x 10'- cm/dyne/ 5
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TABLE V

EMPIRICAL FITS TO TUE LOGARITHMIC PENETRATION 1AW

p/cd kI log (1 + 2Hc )

Hlxo Impact Deviation
Proj., Target t PpPt Vel12 (p/d)

Al. 10OF Al. * L0 4o,7 0°603 * 000 .3

AL 2024 Al. 120 1.0 2 00 00602 3.815 0.091

Al. 24ST Al 0  114 1.0 3o98 0o694 4o863 0.049

)?e. 2024 Al. 120 2o93 1.65 0.672 0o765 0,099

Cuo 2024 AI. 120 3.32 1.86 1.096 1.649 0ol.46

4 Sn0  Sno 5.3 1.0 2.27 0.421 9.261 0.102

Al. 1020 Stlo Ill 0o342 2.19 0.182 6.089 0.040

Fc,, 10M20 Sr1O. i1. 1.0 L1 71 0o521 40305 0.1.06

Cu. 10.0 Stl. Il l1-13 1.64 0.550 4.874 0.-067

Xb. 1020 St5, t. l 1.46 1o29 1-116 !L.639 0.049

Mgo 1030 Sti ot23 0o2-.6 3M70 0°270 17.795 0M032

Al. 1030 Sti., 123 0o360 4.00 0.287 4.181 0o028

Fe. 1030 sti. 123 1.0 3096 0o501 3,416 0.043

Ye. 4140 Stl 24-5 100 2q30 0O359 1.137 0.062

Fe. 30K W- 30? 1.0 2.26 0.632 3.730 0.020

Cuo Guo 36 1-0 3°33 0-535 4o1451 0.029

A . 65 00 301 5X27 0.42/ 14.695 0,,058

cu0. Cu 65 1. 3o06 0o 421 1o555 Mo 80

Al, ?b. : 0.237 5,00 0.454 63-909 0.108

Cu 786 1 2. J2 9 0,539 6o847 0.1.02

Ht for this material ia unknowno The value of (k2Ht) from
8 2

the least squares fit is 122.5 x 10 dynes/cm
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Projectile

Copper

Projectile

Steel

Proj ectile

Fig. 5.2 Craters in Lead Targets formed b, 1/8" Spheres

aL Approximately 700 ft/sec
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Lead

Projectile

Copper

Projectile

Steel

Proj ectile

VFCJ- 1 nC -Im 0 ""1 KIii! i 1%. tii.

Fig, 5.2 continued Cratcrs in Lead Targets formed by

1/8" Spherc:s at Approximately 1500 ft/sec
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Lead

Projectile

Coppcr

Projectile

Projectile

Fig. 5.2 continued Craters in Lead Targets formed by

1/8" Spheres at Approximately 2000 ft/see.
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Lead 0

Projectile-

Copper

Proj ectileI T4

Steel

Pr oj ec t i e-

Fig~. 5.2 continued Craters in Lead Targets formed by
1/8" Spheres at Approximately 3000 ft/sec
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t Lead
PrOj ectile

Copper

q Projectile

Steel

pro-; cti1- le~-/,

Fig. 5.2 concluded Craters in L~ead Targets formed by
1/"Spheres at Approximately 5000 ft/sec
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Fig. -5. V11ustration of Cratering in the High Velocity Region.
Copper Target Struck by Copper Sphere. The Projectile
Mate~rial. hq- been Lifted to Illustratc the Plating

Effect. (Ref. 30)
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PROJECTILE HAS JUST CONTACTED TARGET

Fig. 5.9 Numerical Solution of the Penetration of an Iron

Projectile into an Iron Target, Neglecting Material

Strength (from Ref. 128 )
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Fig. 5.10 Numerical SoLution for the Penetration of a
Meteorito into Tuff i(from Ref. 152)
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Fig. 6.21 Crater foi-ined by a Slender Unyawed Ductile

Rod at Low Vel~ocity
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